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Abstract 
 
Human plasma fibrinogen (HPF) plays an essential role in the initial host response to 
biomaterials. Developing strategies for controlling the HPF‐biomaterial interactions 
is crucial but is still in its infancy. Here, it was demonstrated that the nanostructures 
on polymers such as needle‐like crystals (NLCs) and lamellar crystals (LCs) of 
isotactic polybutene‐1 (iPB‐1), as well as shish‐kebab crystals (SKCs) of high‐density 
polyethylene (HDPE), were capable of guiding the adsorption of HPF and their 
subsequent platelet adhesion.  
The NLCs of iPB‐1, with a lateral dimension lower than the length of the HPF major 
axis, supported “side‐on” adsorption and trinodular conformation, confirmed by 
atomic force microscopy and quartz crystal microbalance with dissipation. 
Preferential alignment of HPF molecules concerning the axial direction of the NLCs 
was analyzed via an orientation analysis performed on “single‐” and “multi‐” protein 
levels. The results of the protein adsorption kinetic studies via quartz crystal 
microbalance revealed the surface‐dependent packing density and assembly 
configuration of HPF.  
To elucidate the relationship between single HPF adsorption and HPF layer formation, 
the dynamics of HPF‐assemblies adsorbed on nanostructured surfaces were 
investigated in‐situ by mapping using accumulated probe trajectories. Anisotropic 
diffusion of HPF was revealed on NLCs. This was ascribed to the partial detachment 
and thus the Sansetsukon‐like nanocrawling of HPF.  
To further understand the biofunctionality of the surface‐immobilized HPF, platelet 
adhesion as a function of surfaces and conformation was investigated. It was 
observed that the number of platelets adhered on NLCs was significantly reduced by 
90% after one‐hour incubation, compared with those on LCs and SKCs. NLCs led to 
small platelet aggregates, which point toward the potential thrombogenicity of such 
nanostructured surfaces. 
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This study provides fundamental insight into the mechanism of topographically 
mediated HPF‐biomaterial interactions, a promising technique to control the host 
response to biomaterials, and advancing the design of innovative implantable 
biomedical devices. 
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Zusammenfassung  
 
Humanes Fibrinogen aus dem Blutplasma (HPF) spielt eine wichtige Rolle bei der 
initialen Reaktion des Wirts auf Biomaterialien. Die Entwicklung von Strategien zur 
Kontrolle der Wechselwirkungen zwischen HPF und Biomaterial ist unerlässlich, 
steht jedoch noch am Anfang. In der vorliegenden Arbeit wird gezeigt, dass polymere 
Nanostrukturen wie nadelartige Kristalle (NLCs) und lamellare Kristalle (LCs) aus 
isotaktischem Polybuten‐1 (iPB‐1) sowie Shish‐Kebab‐Kristalle (SKCs) aus 
Polyethylen hoher Dichte (HDPE) geeignet sind, um die Adsorption von HPF und die 
daran anschließende Blutplättchenadhäsion zu steuern. 
NLCs aus iPB‐1, deren laterale Abmessung geringer als die Länge der 
HPF‐Hauptachse ist, unterstützten die „side‐on“ Adsorption und die trinoduläre 
Konformation, was mittels Rasterkraftmikroskopie und 
Quarzkristall‐Mikrowaagen‐Daten bestätigt wurde. Darüber hinaus ergab die 
Orientierungsanalyse von Einzelproteinen und Proteinnetzwerken eine bevorzugte 
Ausrichtung von HPF‐Molekülen in Bezug auf die axiale Richtung der NLCs. Die 
Ergebnisse der kinetischen Proteinadsorptionsstudien mittels 
Quarzkristall‐Mikrowaage zeigten eine oberflächenabhängige Packungsdichte und 
Konfiguration der angeordneten HPF‐Moleküle auf. 
Um die Beziehung zwischen der Adsorption von einzelnen HPF‐Molekülen und der 
Bildung von HPF‐Schichten besser zu verstehen, wurden Messungen von 
dynamischen HPF‐Anordnungen durchgeführt. Dazu wurde die Adsorption von HPF 
auf nanostrukturierten Oberflächen in‐situ mittels Kartierung von akkumulierter 
Proben‐Trajektorien untersucht. Anisotrope HPF‐Diffusion wurde auf NLCs 
nachgewiesen. Dies wurde der partiellen Ablösung und somit einer 
„Sansetsukon‐ähnlichen" Diffusionsbewegung von HPF im Nanometerbereich 
zugeschrieben. 
Um die Biofunktionalität des an der Oberfläche immobilisierten HPF besser zu 
verstehen, wurde die Adhäsion der Blutplättchen in Abhängigkeit der 
viii 
 
Oberflächenstruktur und der HPF‐Konformation untersucht. Nach einstündiger 
Inkubation konnte eine um 90 % verringerte Adhäsion der Blutplättchen auf NLC im 
Vergleich zu LC und SKC beobachtet werden. NLCs induzierten jedoch eine 
Aggregation der Blutplättchen, was auf eine potenzielle Thrombogenität solcher 
nanostrukturierter Oberflächen hinweist. 
In der vorliegenden Arbeit werden grundlegende Einblicke in den Mechanismus 
topographisch‐induzierter HPF‐Biomaterial‐Wechselwirkungen aufgezeigt. Die hier 
beschriebene Nanostrukturierung ist eine vielversprechende Technik um die 
Reaktion des Wirts auf Biomaterialien zu kontrollieren und liefert Ansätze zur 
Verbesserung des Designs innovativer implantierbarer biomedizinischer Geräte. 
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1  
Introduction  
 
A biomaterial is considered to be a substance, which is designed to interact with 
biological systems in the purpose of medical treatments. When biomaterials are 
implanted into the human body, protein molecules, following the arrivals of the 
water molecules and inorganic salt ions in the body fluid, reach the surface of 
biomaterials in mere seconds. [2] Subsequently, the adhesions of platelets, host 
cells, and macrophages are mediated by the adsorbed proteins. [3] Eventually, 
biological processes, such as the host responses, thrombosis, hemolysis, tissue 
healing, as well as infection and aseptic inflammation, are influenced by the 
composition of the protein layer on the biomaterial surface. [4‐6] Therefore, it is of 
great importance to understand the molecular pathways and mechanisms 
mediating protein interactions with biomaterials, to achieve favorable host 
responses.  
To this end, modern biomaterial science concentrates not only on designing specific 
medical materials but also on elucidating the protein assembly behavior and 
bioactivity of immobilized proteins. [7] Generally, adsorption of plasma proteins on 
implant surfaces irreversibly takes place, regardless of the material they are made 
from. [8] The classes, adsorption rates, adsorption amounts, and spatial 
conformations of the proteins affect the formation rate, morphology, and biological 
functions of the protein layers. [7, 8] Beneficially, the adsorbed protein layer may 
improve the blood and cell compatibilities of the biomaterials and favorable host 
responses. [9] Detrimentally, it may also activate the foreign body reaction, an 
irrevocable host defense mechanism, which might ultimately reject the 
biomaterials. [10] 
Human plasma fibrinogen (HPF), which is the third abundant plasma protein, steers 
the critical processes in the wound healing. [11] HPF molecule comprises two distal 
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D‐domains and one central E‐domain. [11] The domains are linked by three 
polypeptide chains (coiled‐coil segments), termed as Aα, Bβ, and γ. [11] With 
alternative splicing, enzymatic modification, and proteolysis, the HPF molecules 
exhibit a highly heterogeneous structure and expose various interactive sites. [11] 
The surface functionalities of HPF play an essential role in improving the blood 
clotting, cellular and matrix interactions, as well as preventing the inflammatory 
response. [12]  
Studies show that both the surface properties of the implant materials and the 
buffered environment significantly affect the exposure of interactive sites of HPF 
molecules. [13] As the buffered environment is stable in the human body, the 
surface properties of the implant materials dominate the behavior of HPF 
molecules. [13] The surface properties, which influence the HPF adsorption 
behavior, include surface chemistry, hydrophilicity, and topography. [14] 
Nowadays, the surface nanostructure attracts keen interest due to the development 
of the nanofabrication techniques, which can provide the topographical features 
mimicking the length scale of proteins. [9, 15] In no small extent, the controlling of 
protein adsorption on the nanostructured surfaces is beneficial for not only 
understanding the fundamental knowledge but also providing the valuable 
parameters for technological design.      
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2  
State of the art 
 
2.1 Polymer Biomaterials  
In 1920 Staudinger suggested to the scientific community that a polymer is a 
macromolecule built up from smaller monomers. [16] Twenty years later, the first 
synthetic polymer used as biomaterial was poly(methyl methacrylate) (PMMA), 
which was utilized in dentistry [3] and dialysis tubing [4]. The application of PMMA 
as implants was recognized in World War II via wounded pilots. [17] The eyes of 
airplane pilots were damaged by the flying shards of PMMA but suffered much less 
from them, compared with those from the standard glass. [17] This indicated that 
the biocompatibility of PMMA was better than glass. Subsequent research provided 
a multitude of polymers as biomaterials and developed several generations of 
polymeric implant materials. [3, 4]  
2.1.1 Classification of polymers  
According to their origin, polymers can be divided into natural and synthetic 
polymers. [18] Natural polymers include deoxyribonucleic acid (DNA), proteins, 
and polypeptides, etc. Distinct from natural polymers, synthetic polymers are 
human‐made polymers, composed of small molecule compounds as subunits. [19] 
The synthetic polymer is an ultra‐large molecule, which is composed of more than 
thousands of atoms. It is generally created by polymerization of monomers. [19, 20] 
The connected monomers are the subunits or building blocks of synthetic 
polymers. [19, 21]  
Based on structure and composition, etc., synthetic polymers can be classified into 
several categories. Owing to the differences in molecular structure, synthetic 
polymers can be divided into amorphous and semicrystalline polymers. [22] 
Amorphous polymers do not show ordered arrangement, i.e., the random 
orientation of polymer chains. [22, 23] The molecular structure of amorphous 
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polymers with no regularity is mostly being attributed to the chain architecture, 
e.g., atactic chain stereochemistry. [22, 24] Well‐known amorphous polymers used 
as biomaterials are polystyrene (PS),[25] polycarbonate (PC),[26] and 
PMMA, etc. [27, 28] They display no nano‐ or micro‐structure neither in bulk and 
nor in the film state. [27, 29] 
Semicrystalline polymers are believed to display nano‐ and micro‐structures.[30, 
31] When the side groups are regularly spaced on the straight chains, i.e., isotactic 
and syndiotactic chain stereochemistries, the polymers are named as crystalline 
polymers. [18, 32] Notably, all the crystalline polymers only consist of partially 
chain alignments in the polymer crystals. [18, 33] Therefore, “crystalline” is equal 
to “semicrystalline” for polymers. [18, 33]  
Polyethylene (PE), a typical semicrystalline polymer and biomaterial, consists of 
many ethylene groups connected in a chain.[34] This unique chemical structure 
endows PE with ability to form crystals of straight‐chain alkanes (Fig. 1). 
Polybutene‐1 (PB‐1), another biomaterial, has a flexible carbon backbone with ethyl 
side groups.[35] Its chemical structure, which is similar to PE, assures excellent 
biocompatibility and usage in dilatation catheter and pressure piping, etc. [36] 
Isotactic polybutene‐1 (iPB‐1), a semicrystalline polymer, [37] is composed of 
regularly ordered ethyl side groups on the straight chains (Fig. 1).  
 
Figure 1. The chemical structures and sketches of polymers. Polyethylene (PE) and 
isotactic polybutene‐1 (iPB‐1). Only the carbon atoms are shown in the lower drawings. 
 
Semicrystalline polymers have ordered or regulated packing molecules both in bulk 
and in the thin film states. [38] The well‐ordered molecules provide semicrystalline 
polymers densely‐packed crystal structures, which improve the mechanical 
properties of the polymers. [39, 40]  By varying the crystallization conditions, the 
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polymer chains fold into various macroscopic morphologies, e.g., spherulites, single 
crystals, and long‐range order crystals. [41, 42] These morphologies compose of 
thin lamellae, which is in the order of 100‐500 Å thickness. [33] The lamellae form 
during polymer crystallization either from a melt or from solution. [33, 43]  
Based on composition, polymers can be classified into homopolymers and 
copolymers. [44] Homopolymers contain one kind of mers, while copolymers 
contain more than one type of mers. [45] The addition of the other mers 
complicates the structures and morphologies of the bulk polymer. [46] Within the 
copolymers, which are useful in the industry or scientific work, mers can be 
arranged in various ways, including alternating, periodic, statistical, gradient, block, 
and graft copolymers. [47, 48] Among all kinds of the copolymers, block copolymers 
(BCPs) have drawn considerable attention as functional materials in electronics, 
energy, and biomedical detection, with the realization of possible applications of 
nanoscale polymeric domains. [47, 49, 50] This is attributed to the BCP unique 
property, namely microphase separation. [48, 51, 52] BCPs tend to self‐assemble 
into well‐ordered nanostructures due to their two segments with different chemical 
properties. [53, 54] These different segments are immiscible and are prone to form 
separated phases. [52] Because the blocks are covalently bonded, these phases are 
limited in nanoscale size. [48] Depending on various factors, several well‐ordered 
and adjustable nanostructures form in the bulk and thin films of BCPs. [55]  
2.1.2 Application of synthetic polymers as biomaterials 
From the material point of view, synthetic biomaterials can be grouped into three 
categories, i.e., metals, ceramics, and polymers. [4] Metals, with excellent 
mechanical properties and fatigue resistance, are applied in load‐bearing implants, 
such as knee or hip implants. [56] Metals and metalloids may induce toxicity due to 
their corrosion through body enzymes and acids. [57] Another synthetic 
biomaterial, ceramic, which is commonly used as orthopedic implants and dental 
applications, exhibits highly inert property and high compressive strength. [58] 
However, their brittleness, hardness, and degradation limit the application 
directions of ceramics. [59]  
Different from metals and ceramics, polymers interest the biomaterial scientists 
with their i) carbon‐based chains, ii) reactive groups on surfaces and 
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iii) viscoelasticity, apart from lightweight and acceptable mechanical properties. [3] 
These combined properties endow polymers with easy handling and various 
biological properties, such as bioinert, bioactive, and biodegradable. [60] 
Meanwhile, the easy handling property of polymers allows engineers to process 
advanced technologies to obtain structured surfaces with topographical features 
within a wide range, particularly in nanoscale. [61] This feature is considered to be 
the most advanced property of polymers over metals and ceramics. [62, 63]  
The choice of synthetic polymers for biomaterials is based on its application and 
requirements for physical, chemical, and biological properties. [27] According to 
these, the polymers can be classified as biodegradable and biostable polymers. [64] 
These synthetic polymers as biomaterials share specific properties. [65] Namely, 
they are biocompatible, nontoxic, and noninflammatory, as well as have good 
mechanical properties. [66] For example, original PMMA, which behaves brittle 
under load and low wear resistance, can be improved during modification and 
functionalization. [67] Nowadays, PMMA and its modified formulations have been 
used in a wide range of biomedical fields, such as the eyeglass lenses, bone cement, 
soft tissue filler, and microfluidic lab‐on‐a‐chip devices. [68‐70] With increasingly 
inventions of various polymers in the industry, more and more polymers with 
excellent biocompatibility are applied in the biomedical field, such as Dacron for 
vascular grafts [71], polyetherurethanes (PU) for artificial hearts [72], polybutene 
(PB) for blood vessel dilatation catheter [73, 74], PE for sutures and acetabular 
cups [75, 76], as well as polyvinylidene fluoride (PVDF) for surgical meshes and 
sutures [77, 78] 
Although polymers help to meet the patients’ medical requirements, the critical 
problems of polymers as biomaterials are lacking epithelialization, insufficient 
vascularization of the cellularly colonized scaffolds, and sparse reconstruction of 
tissues. [17] The polymers alone are inadequate to overcome these critical 
problems. [27, 79] They provide a framework but lack bridges for integration with 
the host systems. [80] With the recent findings, it was recognized that the proteins 
had gained significant importance. [81]Thus, attentions have to be focused on 
either design of bulk polymers or design of polymer surfaces, which might 
drastically enhance the implant success. [82] 
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2.2 Surface Nanostructuring of Polymers  
2.2.1 Lithography and molding  
Various processing and structuring techniques can achieve the nanostructure 
fabrication on amorphous polymer surfaces. [83, 84] The well‐developed methods 
in recent years are lithography and molding, such as photolithography, [85] 
electron beam lithography, [86] nanoimprint lithography, [87] and dip‐pen 
lithography [88]. The created patterns range from pits, pillars, squares, lines, rings, 
to gradient patterns. [83, 84] These custom‐designed patterns in lithography and 
molding have a lateral resolution of 10‐100 nm. [89‐93] For example, the square 
and lamellar patterns using an amorphous Teflon mold, shown in Fig. 2.   
 
Figure 2. Nanostructured amorphous polymer surfaces by compression molding. 
(a) Perspective Atomic force microscopy (AFM) images of molded 1 μm1 μm square 
patterns using the amorphous Teflon mold. (b) Perspective scanning electron microscopy 
(SEM) images of molded patterns using the amorphous Teflon mold. The pattern height is 
~500 nm, which leads to an aspect ratio of ~6:1. Images are reproduced from ref [92] with 
permission from American Chemical Society, Copyright©2004. 
 
Among various lithography and molding techniques, photolithography is applied in 
a wide range of structural fabrication. [94, 95] Photolithography (optical or 
ultraviolet lithography) utilizes the ultraviolet (UV) light to transfer the nano‐ or 
micro‐patterns from the mask to photoresist. [96] The uncovered polymer is 
chemically etched. [95] The reverse pattern of the mask remains on the polymer 
surface after all photoresist is removed. [95] The lateral resolution of the pattern 
can be in the sub‐100 nm range, which is even smaller with extreme UV 
lithography. [97, 98] Detailed understandings of this technique can be found in 
various publications. [99‐101] However, the relative high defect density and 
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resolution, as well as harsh processing solvents, were considered as the obstacles 
for applications in biomaterials. [97]  
2.2.2 Self‐assembly  
With the deep understandings of copolymers, self‐assembly of BCPs was recognized 
as one of the efficient ways to control nanostructure fabrication with high 
resolution under mild conditions. [102, 103] 
 
Figure 3. Nanostructures of the block copolymer. SEM images of (a,b) and (d,e) are the 
PS hole array pattern (sphere) and PS lamellar array pattern (lamellar) of PS‐b‐PMMA after 
removing PMMA, respectively. The different blocks are denoted as A and B in image c. 
Image a, b, d, and e were reproduced from ref [91] with the permission of the IOP 
Publishing, Copyright©2016.  
 
In the thin films of BCPs, the nanostructure formation is mediated by the entropic 
effect of interfacial interactions, e.g., the substrate‐copolymer and copolymer‐air 
interactions. [53] In general, the perpendicular orientations of nanostructures 
(Fig. 3) are favorable in the applications and captured all the attention of engineers 
and scientists in the field of protein arrays. [91] The orientation of nanostructures 
is the current striving direction for self‐assembly. [102] When one of the blocks has 
a preferential attraction to the substrate surface, the planes or axes of the 
nanostructures will align parallel to the substrate surfaces. [104] When there is no 
preferential attraction, the nanostructures will align perpendicular to the surface 
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plane. [104] This is the crucial point for the successful formation of nanostructures 
on surfaces. [103, 105] 
Other than the interplay between interactions of polymer/air and 
polymer/substrate, the confinement effect and other factors, e.g., electric field, 
mechanical flow field, and temperature gradient, were considered to be able to tune 
the orientation. [54, 104] These approaches rely on the abilities to couple external 
applied bias fields to molecular or supermolecular feature, and thus achieve 
directional control over the nanostructures. [53, 106] 
2.2.3 Melt drawing  
Different from amorphous polymers, the semicrystalline polymers exhibit regularly 
folded morphology in the undercooled polymer melts. [31] One of the typical crystal 
morphology is the spherulite. [107] In this superstructure, the lamellar crystals 
with folded polymer chains grow radially in three dimensions. [108] The 
spherulites display spherical symmetry at sufficient growth rates and with a low 
density of nuclei. [107] It was observed that the topographies of spherulites in the 
thin film might offer regular nanostructures owing to the lamellae protruding out 
of the amorphous regions. [107] Through altering inner and outer factors, e.g., the 
polymer chain structure, thermal treatment, and mechanical field, the size of the 
lamellar crystals and thus the physical properties of the surfaces can be varied. [109]  
Under shear stress, all the lamellae align along the orientation direction with their 
c‐axis parallel to this direction. [110] One example is the ultra‐thin film 
(100‐300 nm thickness) of semicrystalline polymer with the highly‐oriented 
surface nanostructure, which is formed via the MD technique. [111, 112] This 
method was firstly introduced by Petermann and Gohil. [111] In this method, the 
polymer melt, originated from the heated polymer solution on a glass heating plate, 
can be drawn off the plate by a roller and form the ultra‐thin film. [111] With the 
continuous work by Jandt et al., [42, 113‐116] it was demonstrated that the resulted 
films consisted of distinct surface nanostructures: either shish‐kebab crystals (SKCs) 
or needle‐like crystals (NLCs), depending on the polymer chains, plate temperature, 
and drawing speed, etc.   
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Figure 4. Nanostructures of semicrystalline polymers by MD technique. Surface 
morphologies of melt‐drawn (a) iPB‐1 (transmission electron microscopy (TEM) image in 
ref [114]); (c) HDPE (TEM image in ref [114]); and (e) UHMWPE (AFM image in ref [116]). 
The schematics of the nanostructures in b, d,  and f are prepared according to the typical 
crystal morphologies in a, c, and e, respectively. The arrows in the images are the drawing 
direction. The black lines in the schematics are the polymer chains. Image a and c were 
reproduced from ref [114] with the permission from Chapman&Hall, Copyright©1996. 
Image e was reproduced from ref [116] with permission from American Chemical Society, 
Copyright©2011.   
 
The NLCs were achieved by melt‐drawing iPB‐1, isotactic polypropylene (iPP), [117] 
and isotactic polystyrene (iPS) [113]. The surface of the substrate exhibited a 
regular arrangement similar to close‐packed longitudinal needle crystals. [113, 117] 
As shown in Fig. 4a and b, melt‐drawn isotactic polybutene‐1 (MD iPB‐1) exhibited 
a regular arrangement of close‐packed longitudinal needle‐crystals, which were 
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aligned parallel to the drawing direction. [114] The NLCs protruded out of the plane 
and displayed a diameter of around 25‐35 nm. [42] Based on those observations, 
Pennings et al., proposed the concept that the formation of NLCs might be 
attributed to simultaneous “unrolling” of polymer chains under a local flow 
field. [118] 
The SKCs have been observed in melt‐drawing high‐density polyethylene (HDPE) 
(Fig. 4c and d). [115] Under shear conditions, the PE chains extended along one 
direction in the melt‐drawing method. [115] Thus, the extended PE chains (“shish”) 
compacted along the drawing direction and the main planes of the PE lamellae 
(“kebabs”) overgrew perpendicularly to the drawing direction. [119] Therefore, the 
edges of the “kebab” protruded out from the thin film surface with several 
nanometers leading to highly‐oriented nanostructures on the surface. [119] On the 
film surface, the laterally aligned lamellae appeared to form a stacked 
super‐structure. [115] Inspired by this superstructure, Nagasawa and Shimomura 
explained the SKCs formation by a screw dislocation process, in which the “shish” 
and “kebab” crystals form simultaneously. [119] Recently, Keller et al. [116] in our 
research group found that highly oriented nanocrystalline lamellae stacked on the 
surfaces of melt‐drawn ultra‐high‐molecular‐weight polyethylene (MD UHMWPE) 
thin films (Fig.4 e and f). The well‐defined lamellae thickness was 26±3 nm, and the 
width was 103±12 nm. The nanostructures of MD UHMWPE were quite similar but 
even regular and without visible “shish” structures, comparing to the 
MD HDPE. [115] The difference originated from the molecular weights of different 
PE. [115] 
As the majority of the clinical utilization are involved in interactions with blood, 
interests in blood responses on artificial surfaces have lasted for a hundred 
years. [120, 121] There is a general belief that the interactions between implants 
and blood components, especially blood proteins and platelets, are essential for 
short‐term biocompatibility evaluation of biomaterials. [122] Accordingly, 
precisely‐defined surface nanostructures, i.e., nanopatterns, of polymers, have been 
suggested to be an efficient and facile strategy to control the protein adsorption 
behaviors and enhance their biocompatibilities. [9] The protein and the subsequent 
cellular behaviors were significantly influenced by the modified nanotopographies 
of polymeric surfaces. [123] However, the mechanism, how surface 
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nanostructuring determines protein behavior and cellular response, is still in its 
infancy. The detailed phenomena and elucidations of protein adsorption on 
nanostructured polymer surfaces are introduced in the next section. 
 
2.3 Protein Adsorption on Nanostructured Polymers 
Proteins, most of which are amphiphilic molecules, assembly at the water‐surface 
interfaces rapidly and tenaciously. [7, 8] In the field of biomaterials, plasma protein 
adsorption can be both favorable and detrimental. [11] On the one hand, cell 
attachment and spreading are induced by binding sites of adsorbed proteins. [124] 
On the other hand, unfavorable host responses, such as platelet activation and blood 
coagulation are expected to be elicited. [125] At this moment, the control and 
prediction of the behaviors of protein adsorption are becoming the essential issues 
in the biomaterial field. [14] Therefore, the deep understandings of the interfacial 
behaviors are of critical importance for the performances of the biosensors, 
implants, anti‐fouling materials, and drug‐delivery schemes, etc. [17, 47, 57, 59] 
In this section, an overview of the properties of plasma proteins, especially HPF, is 
provided, along with the descriptions of the conformation, structural changes, and 
protein‐protein interactions. Moreover, the comprehensive overview of surface 
physicochemical factors, which greatly affect the protein adsorption behavior, its 
functional properties, and the following biological responses, is included and 
discussed in detail.  
2.3.1 Proteins 
Protein is termed as folded polypeptides with biological functions. [126] The 
polypeptides are long linear chains of amino acids, which are small organic 
molecules. [126, 127] Each specific polypeptide constitutes a unique sequence of 
amino acids. [127] The functions of protein come from both i) the type, number, and 
arrangement of amino acids and ii) the three‐dimensional structure of the proteins. 
Anyone of them alone will not guarantee the biologically active form of 
proteins. [126‐128]  
Proteins have four levels in its structure: primary, secondary, tertiary, and 
quaternary structures. [126‐128] The primary structure is the sequence of various 
amino acids, which is determined by the nucleotide sequence in the gene. [126] The 
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secondary structure is formed via hydrogen‐bonding interactions between N‐H and 
C=O groups, resulting in α helices and β sheets. [126] The tertiary structure is the 
folded structure of secondary structures plus loops and links. [126] The quaternary 
structure is the association of several folded polypeptides. [126] The optimized 
functions attributes to the stable tertiary structure of proteins under physiological 
conditions. [126, 127] The conformation of proteins involves the three‐dimensional 
shape of the primary, secondary, tertiary, and quaternary structures. [127]  
Proteins can be classified based on protein type, shape, composition, and biological 
functions. [129] Most of the proteins have a globular structure. [127]  Some of the 
proteins are fibrous, in which the polypeptide chains are stretched into anisotropic 
shapes. [130] The proteins with a molecular weight less than 20,000 usually exhibit 
globular structure, with an average diameter of 20‐30 Å. [131] More abundant 
proteins are built‐up of folded structural domains, which are short polypeptide 
chains. [127] The cores of these domains are hydrophobic, which is essential for 
domain stability in aqueous solution. [126] 
The biomedical and physiological functions of proteins come from the 
conformations of proteins and the heterogeneous domains. [132, 133] According to 
the biological functions, proteins can be driving into enzyme proteins, structural 
proteins, transport or carrier proteins, nutrient and storage proteins, contractile or 
motility proteins, defense proteins, regulatory proteins, and toxic proteins. [134] 
The prediction of protein functions can be accomplished by recognizing the protein 
structure and usage of structural genomics. [135] Conceptually, proteins with new 
functions can be created by designing the domains and conformations of protein 
molecules. [126] 
2.3.2 The human plasma fibrinogen (HPF)  
HPF is the fundamental plasma protein, which plays an essential role in hemostasis, 
fibrinolysis, and coagulation processes. [136‐138] It is a rod‐like glycoprotein with 
a molecular weight of 340 kDa. [12] It is mainly produced by hepatocytes. [139] It 
circulates in the blood plasma at the concentration of 2‐4 mg/ml. [140] During 
inflammation, the circulation level increases to help the body’s hemostatic 
system. [136, 138]  
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The observations of HPF under electron microscopy and crystallographic studies 
revealed that individual HPF molecule is composed of three linearly‐linked domains 
(D‐E‐D domains) in a trinodular structure (Fig. 5). [141] The two distal D domains 
(67 kDa) consist of Bβ and γ chains.  [142] The central E domain (33 kDa) is made 
of the disulfide knot and 58 cysteine residues. [142] The connectors are 
triple‐helical coiled‐coil regions, which consist of Aα, Bβ, and γ polypeptide 
chains. [143] The amino termini of the three polypeptide chains are conjugated by 
29 disulfide bonds. [144] The elongated HPF molecules exhibit a high aspect ratio, 
with 47 nm in length and 6 nm in width. [142] The HPF molecules are highly anionic 
with a net negative charge of isoelectric point (PI)=5.8 at the physiological 
condition. [145]  
There are many binding sites on HPF to associate with other HPF molecules. [143, 
146] The Aα chains are longer than the Bβ and γ polypeptide chains. [147] They 
extend from the end of D‐domains to the central E‐domains and form two globular 
αC regions. [147] When the fibrinopeptide B is cleaved from the coiled‐coil region, 
the Aα region will dissociate from the E‐domain and interact with the other 
Aα region to promote lateral fibrinogen associations. [128, 141] The other type of 
branch junctions in HPF association comes from the γ chain region in each 
D‐domain (γXL and D:D sites). [13] The γXL‐sites cover the cross‐linked γ chain 
regions in both D‐domains. [148, 149] The association of γXL‐sites from adjacent 
HPF molecules helps the alignment of the HPF molecule and fibril formation. [149] 
The D:D sites situate at the end of D‐domains between the residues 275 and 300 of 
γ chains. [146] These sites act as connectors between D‐domains of adjacent HPF 
and fibrin molecules, as well as endothelial cell adhesion. [150] Although this 
information about clot initiation via HPF functional sites is partially understood, the 
role of surface‐immobilized HPF molecules on platelet adhesion is not yet 
conclusive. [151]  
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Figure 5. Molecular structure of HPF. (a and b) The composition of the polypeptide chain; 
(c) Schematically crystal structure of HPF molecules.  
 
Platelet adhesion on adsorbed HPF is suggested to adjust the potential 
thrombogenicity of the biomaterials. [152] It was reported that there are various 
binding sites on the D‐domains for platelets. [128] The platelets can bind to the 
C terminal of γ dodecapeptide by the integrin αIIbβ3 (glycoproteins IIb/IIIa) on the 
platelet membrane. [153] Besides the terminal γ dodecapeptide, the γ400‐411 on 
HPF molecules also contributes to the platelet activation and adhesion. [152] In 
addition to arginine, glycine, aspartic acid (RGD), Aα572‐574 and possibly 
Aα95‐97 [154] as well as receptor recognition motif, γ254‐256 
asparagine‐glycine‐arginine [155] can result in the platelet interaction with HPF 
molecules.  
2.3.3 HPF adsorption mediated by surface factors 
Different types of functional groups in proteins, such as nonpolar, polar, negatively 
and positively charged residues, render protein surface highly amphiphilic 
property. [156] This unique property influences interfacial behaviors of protein 
molecules during the whole adsorption processes. [157] Generally, protein 
adsorption includes transport, adsorption, and desorption steps. [157] In the 
transport stage, distribution is the dominating step. [158] Small proteins distribute 
faster and arrive at the surface earlier than large ones. [159] In the adsorption stage, 
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the concentration of accumulated proteins is around much higher on the surface 
than that in the bulk solution. [160] Large proteins have a large contact area and 
can repel other pre‐adsorbed small proteins during spreading. [161] This is the 
so‐called Vroman effect. [162] The larger the protein is, the stronger the binding of 
this protein to the surface is. [163] In a circumstance, a significant amount of HPF 
on material surfaces was observed even when the surface was saturated with 
bovine serum albumin (BSA). [164] In the desorption stage, the previously‐bound 
protein molecules detach from the surface and return into the bulk solution. [165] 
It was suggested that during this process, all contact points between protein and 
surface had been broken. [166] This high free energy requirement makes protein 
adsorption irreversible unless dramatic changes occur in the environment, such as 
high ionic strength, low pH, and detergents addition. [157, 167]  
The external parameters vastly affect protein adsorption behavior. [168, 169] In the 
bulk solution, the driving forces of the adsorption are the entropy gains from many 
aspects: changes of temperature [170], pH [169], and ionic strength [168], etc.  For 
example, the equilibrium states and kinetics of protein adsorption vary with 
increasing temperature. [170] The entropy gain during this process arises from the 
release of surface adsorbed water molecules and structural rearrangements of 
protein. [157] When the pH equals the isoelectric point (PI) of proteins, the 
numbers of negative and positive charges are in balance resulting in a net neutral 
protein. [171] Thus, the pH values can also influence the entropy gain by changing 
the electrostatic property of the proteins. [157, 167] The other major factor is the 
ionic strength of the bulk solution. High ionic strength increases the tendency of 
proteins to aggregate, due to the small Debye length between proteins. [157, 167]  
From the view of the material surface, the surface physicochemical factors, such as 
hydrophobicity, charge/polarity, chemistry (functionalization), and topography, 
influence the protein adsorption to a great extent. [12] When proteins adsorb on 
hydrophobic surfaces, the entropy gain supports the proteins in contact with the 
surfaces. [145] Generally, the charged amino acids distribute in the outside part of 
protein molecules. [172, 173] The charge or polarity of the surfaces may either 
promote or inhibit the protein adsorption according to the various charges of the 
proteins and surfaces. [174] This process is mainly dominated by enthalpic and 
entropic changes within the protein‐water‐substrate system. [145, 167] Such 
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properties can drastically influence the concentration and conformation of 
adsorbed proteins on surfaces, which are considered to be directly accountable to 
multiple tissue responses and further intended integration of implanted 
biomaterials. [175]  
Unfavorable responses include non‐specific and random‐oriented protein 
adsorptions, which imply inhibited adsorption of preferred proteins and 
non‐ordered structures of protein layers. [176] With this, scientists dedicate their 
work in preventing these unfavorable protein adsorptions by functionalizing the 
biomaterial surfaces. [177, 178] After the chemical modification, the decreased 
surface energy on biomaterials allows to some extent to control the protein 
adsorption. [179]   
 
Figure 6. Surface physicochemical factors that affect the HPF adsorption. Image 
reproduced from ref [9], with the permission from Wiley/VCH. Copyright©2017. 
 
With the development of micro‐/nano‐fabrication techniques, more and more 
observations showed that surface topography played a crucial part in the protein 
conformational changes and adsorption behaviors. [15, 180]These novel findings 
allow scientists to pave the way for a new generation biomaterials surfaces 
design. [181, 182]  So far, the known surface physical factors, which influence the 
protein adsorption, include nanoroughness, structure curvature, protruded 
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structure size, and spatial arrangement. [182‐185] These observations were 
concluded and highlighted in a review from our group (Fig. 6). [9]  
In search of the topographical effect on protein adsorption, tantalum films with 
nearly random surface nanoroughnesses were chosen as a model system by 
Rechendorff et al. [186] The adsorption amount of HPF increased with elevating 
surface nanoroughnesses from 2.0 to 32.9 nm, with which the surface area was 
found to be increased by about 20%. [186] This was attributed to the changes of the 
trinodular HPF molecules in the geometrical arrangement on the surface. [186] 
Distinctly, for globular proteins, like BSA, nearly no change of adsorption amount 
was observed. The similar trends were also evidenced by simple Monte Carlo 
simulations. [186] 
With developing nanostructuring techniques, the focus was switched from 
nanoroughness to curvature of the surface nanostructures, which are to some 
extent related. [180] [183, 184] In the beginning, silica nanospheres with diameters 
in the range of 15‐165 nm were applied to evaluate the topographical effect on the 
adsorption behaviors of two distinct proteins, HPF and BSA. [180] The silica 
nanospheres with small radius presented a high surface curvature. [180] 
Considering the typical dimensions of protein molecules, HPF (46 nm in length and 
4 nm in width) and BSA (14 nm in length and 4 nm in width), small nanospheres 
with high surface curvature led to the native conformation of globular proteins, 
however, denature conformation of rod‐like HPF. [180] Similar trends on 
adsorption capacities altered by nanostructure curvatures were also found on the 
carbon‐based nanomaterial surfaces, i.e., carbon nanotubes with descending local 
curvatures, and flat graphene sheet. [187] It was confirmed that the adsorption 
amount of BSA increases with decreasing local curvature, i.e., the highest amount of 
BSA was found on the graphene sheet surface. [187] Similar conclusions were 
suggested by molecular dynamics simulations. [180]  
Considering that most of the protein dimensions are in the range of 10‐1000 nm2 
(projected area), the adsorption of individual protein and even the formation of 
protein layer may be affected by the nanostructures of biomaterials, especially 
when the sizes of the nanostructures are comparable to the protein molecules. [188] 
Nanopores of PMMA films, with 15, 50, and 100 nm in size, were designed to 
explore the structure and elasticity changes of adsorbed HPF. [188] In the 50 nm 
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and 100 nm pores, the HPF concentrations displayed the highest and the lowest, 
respectively, which were attributed to the “end‐on” and “side‐on” 
conformations. [188] The difference between the “side‐on” and “end‐on” 
conformations depends on the orientation of an ellipsoidal HPF on the surface, 
i.e., long or short axis of HPF molecules is predominantly interacting with the 
surface (shown in section 4.1.2). [189] It seemed that HPF went through less 
structural changes when the pore size was comparable to the major protein 
axis. [189] For globular protein, lysozyme, the structural change was not affected 
by the pore sizes. [189]  
2.3.4 HPF on nanostructures of molded polymers 
Surface nanostructuring of amorphous polymer thin films is realized as an 
intriguing method for applications in biomedical science. [190] The tuning of 
surface free energy via nanostructuring on the polymer film surface may 
significantly influence the conformation, coverage, and adsorption kinetics of 
proteins. [185] Messina et al. found preferential immobilization of human 
lactoferrin on the nanopores of polyhydroxy methylsiloxane (PHMS) thin film, 
which was obtained from colloidal lithography. [191] By varying the 
hydrophobicity of the nanopores from inside to outside via plasma treatment, the 
assembly regions of lactoferrin changed as well. [191]  
For HPF, its unique structure results in different conformations when contacting 
with the surfaces. [192] As was described previously, HPF is a protein with an 
elongated shape. The significant aspect ratio results in two main orientations of 
adsorbed HPF molecule, namely “side‐on” and “end‐on” conformations. [192] In the 
50 nm pores of PMMA film surface, HPF achieved the highest adsorption amount 
with the “end‐on” orientation due to the nanoconfinement. [6, 193]  
Although it was realized that the nanostructures of molded polymers provide 
nanoconfinement to the proteins and can mediate the spatial protein distribution, 
the majority of the researches were still focused on the cellular responses and 
emitted the function of protein layers. [194] Considering this, surface‐induced 
protein adsorptions, the critical mediators between implants and cells, should be 
emphasized and contributed more in the further step.  
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2.3.5 HPF on surfaces with self‐assembled polymers 
Due to the heterogeneous nanostructures and chemical properties of the blocks, 
proteins selectively interact with one of the blocks and adsorb on these preferred 
blocks. [195] These preferred protein‐polymer interactions help the formation of 
various protein patterns on the nanostructured BCP surfaces. [196, 197]  
 
Figure 7. HPF molecule assembly on PS-b-PMMA block copolymer surfaces. a) Two 
phases (TP) and (b) single phase (SP) morphologies of HPF molecules in AFM height images; 
HPF alignments on PS‐b‐PMMA surfaces with varying domain sizes: (c) 45 nm and 
(d) 28 nm. The AFM images were reproduced from ref [198] with the permission from 
American Chemical Society, Copyright©2014.  
 
Polystyrene‐block‐poly (methyl methacrylate) block copolymer (PS‐b‐PMMA) is 
the most utilized model surface for protein patterning. [199, 200] With varied block 
ratios, ordered lamellar with different widths can form on the surfaces of 
PS‐b‐PMMA thin films. [50] On the lamellar, HPF molecules selectively adsorb on PS 
phase, which is more hydrophobic than the PMMA phase (Fig. 7). [197, 198] When 
the sizes of the lamellar are smaller than the protein length, the heterogeneities 
gave rise to distinct protein configurations. [198] As shown in Fig. 7, HPF molecules 
lay across the two phases (TP), or confined in the PS phase (SP). Moreover, HPF 
aligned parallel (SP∥) or vertically (SP) to the lamellar directions, and thus resulted 
in relatively low adsorption amount. [188, 201]  
Although a large number of studies contributed to understanding the mechanisms 
of protein adsorption on BCPs, they are mostly limited in the system with one kind 
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of proteins. [188, 199‐201]  To mimick the in vivo environment, the competitive 
adsorption processes are of vital importance. Recently, Song et al. challenged to 
investigate the competitive adsorption processes of HPF and BSA on PS‐b‐PMMA 
thin film surfaces. [202] In this dual‐component protein system, the 
initially‐immobilized BSA molecules on the PS phases were found to be replaced by 
late‐adsorbed HPF molecules due to the Vroman effect. [202] This adsorption 
behaviors of proteins on BCP nanostructures suggested the potential of BCPs not 
only as coatings of medical devices and but also as the ideal model surfaces for 
protein behavior investigations. [202]  
2.3.6 HPF on melt-drawn polymers  
Different from BCPs, the nanostructure fabrication on semicrystalline polymers 
benefits from the topographical features of the polymer crystals, such as single 
crystals, lamellae, and spherulites. [42, 116]  
Among all the polymer crystals, the single crystals possess the highest degree of 
crystallinity and thus the well‐regulated polymer molecules on the crystal surfaces. 
Helbing et al. [203] in our research group found that on the highly‐ordered single 
crystal surface, polyethylene single crystal (PE‐SC), HPF molecules oriented along 
with the crystallographic directions with high chain densities in crystallographic 
directions of the polymer chains. [204] This unique phenomenon was explained by 
the similarities between α‐helix chains of HPF molecules and the PE chain fold 
direction on the single crystal surface (Fig. 8a, b, and c). [204]   
Besides, the polymer chain alignments and the arrangements of polymer crystals 
play also significant roles in the adsorption behavior of HPF molecules. [116, 205, 
206] Keller et al. [116] in our group demonstrated that HPF molecules preferred to 
align on the crystal lamellae of MD UHMWPE films and along the major axis of the 
lamellae, which exhibited similar dimensions as the HPF molecules 
(Fig. 8d, e, and f). It indicated that the surface topographies of the highly oriented 
nanocrystalline lamellae influenced the conformation and aggregation of HPF 
molecules. [116] 
32 
 
 
Figure 8. HPF molecule assembly on nanostructured semicrystalline polymer 
surfaces. a) Model of PE‐SC; AFM images of PE‐SC b) before and c) after the HPF adsorption, 
reproduced from ref [204], with the permission from American Chemical Society, 
Copyright©2016. d) HPF on MD UHMWPE; AFM images of MD UHMWPE e) before and 
f) after the HPF adsorption. Image e) and f) were reproduced from ref [116], with 
permission from American Chemical Society, Copyright©2011. g) Single HPF molecule 
diffusion on MD HDPE; h) Surface occupancy map and four magnified maps (i, ii, iii, and iv) 
of HPF on MD HDPE; The images in h, i, ii, iii, and iv were reproduced from ref [207], with 
permission from ©WILEY‐VCH Verlag GmbH&Co. KGaA, Weinheim. 
 
The mechanism behind the topographical effect may be partially elucidated by the 
diffusion behavior of single HPF molecules on the MD thin film surfaces. [207] 
Kastantin et al., [207] who was in cooperation with our group, investigated the 
dynamic adsorption behavior of HPF on MD HDPE thin films by mapping using 
accumulated probe trajectories (MAPT) (Fig. 8g and h). Similar to MD UHMWPE, 
the surface of MD HDPE exhibited well‐oriented nanocrystals on the surfaces. [119] 
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Through dynamically tracking the single proteins on the surfaces, HPF molecules 
favored diffusing along the drawing direction, i.e., the minor axis of the 
nanocrystals. [207] By increasing the bulk concentration, the mean residence time 
of fibrinogen increases from one second to several minutes, indicating the protein 
layer formation. [207] These observations illustrated that the protein adsorption 
behaviors could be fine‐tuned by the surface topographical factors. [207] However, 
the determinations of protein biofunctionality upon adsorption to nanostructured 
surfaces, are still missing. 
 
2.4 Platelet Adhesion on Surfaces  
Thrombosis is the blood clot formation inside a blood vessel, preventing the 
abnormal arterial blood flow through the circulatory system. [208] When it exists 
in veins (venous thrombosis) or arteries (arterial thrombosis), it may lead to 
various diseases, such as cyanosis, thromboembolism, and tissue damage. [209, 210] 
Other than that, thrombosis may appear in medical devices, such as stents [211], 
intravascular catheters [212], and valves [213].  
2.4.1 Platelet adhesion on nanostructured polymer surfaces 
Surveys reported that the application of foreign materials, like polymer vascular 
stents, increased the incidence of thrombosis in 1.2 %, much higher than the control 
populations. [214] Meanwhile, Platelet adhesion and aggregation have been 
recently revealed to be connected with the thrombosis formation and thus affecting 
the biocompatibility of medical devices and hemocompatibility of implants. [215‐
217]  
Different anti‐thrombogenic strategies, such as anticoagulants and drug eluting 
polymer coatings, have been introduced to reduce the platelet adhesion and 
enhance the blood compatibility of biomaterials. [218, 219] Nevertheless, it was 
demonstrated that these anti‐thrombogenic strategies might cause late stage 
thrombosis and prevent endothelial cell adhesion, and also is the risk for 
biomaterial integration. [220, 221] Current preventive methods focus on surface 
modifications, such as chemical modifications and passivation of surfaces. 
Adamson et al. [222] compared platelet adhesion and activation on gold surfaces 
modified by thiol functionalized RGD, alkane, and PEG monolayers. It was shown 
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that a significant reduction in the adhesion and activation of platelets were found 
on the alkanethiol modified gold surface due to its superhydrophobic property, 
comparing to RGD and PEG monolayers. [222]  
Apart from the surface chemical modification, an attempt was also made to improve 
the anti‐thrombogenetic properties through topographical features. [223‐225] 
Pham et al. [225] in our research group found that the platelet adhesion under 
shear flow conditions was significantly reduced on hemispherical microstructured 
polydimethylsiloxane (PDMS) surfaces, compared to the unstructured control 
surface. This was attributed to the high shear stress gradient generated between 
the tops of the microstructures and the ground areas. [225] In another work, 
Koh et al. [226] produced poly (lactide‐co‐glycolide) (PLGA) films with 
multi‐walled carbon nanotubes in two different orientations: randomly oriented 
and vertically oriented. The PLGA films with vertically oriented nanotubes showed 
a very low level of platelet adhesion, attributing to either the presence of ‐COOH 
groups or the vertical alignment of nanotubes. [226] Further investigations 
addressed the influence of specific topographical structures on the adhesion of 
platelets. [227‐230] The results showed that the platelet adhesion was significantly 
reduced on the structured surfaces in the size range of platelets or below. [229, 230] 
The reduced level of platelet activity was assumed to originate from reduced stable 
contact area for platelet cells. [231, 232] 
2.4.2 Platelet adhesion influenced by HPF conformation 
Control of HPF conformation was also recognized as one of the anti‐thrombogenic 
strategies. [152, 233, 234] It was reported that more HPF molecules could provide 
more binding sites to platelets due to the recognition of GPIIb/IIIa receptors in 
platelet cells. [235] Xu et al. [236] found that polyurethane‐urea (PUU) with more 
hard segments resulted in less HPF functionality and thus lower platelet adhesion 
attributing to less available binding sites on HPF layer to platelet cells.  
As was described in the previous sections, the size of the nanotopographies directed 
the assembly of protein molecules. [188, 198, 237] Thus the amounts of proteins 
were assumed to affect the subsequent platelet adhesion. Lord et al. [238] 
investigated the protein adsorption influenced the platelet adhesion on 
stochastically nanorough surfaces with varying surface roughness. Results showed 
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that silica surfaces with high roughness (15 nm Rrms) supported significantly less 
HPF adsorption than the surfaces with low roughness. [238] Although all the 
surfaces supported the similar amounts of platelets, the surfaces with 
nanoroughnesses displayed round‐shaped platelets and weak attachments 
between the surfaces and platelets. [238] This indicated that the surface 
nanotopographies played an essential role in protein adsorption and subsequent 
platelet adhesion. [238] 
Recently, more and more studies indicated that the HPF conformations and 
availabilities of binding sites played a more critical role in platelet adhesion than 
the amount of HPF on surfaces. [152, 154, 226] In the work by Zhang et al., [152] it 
was revealed that the binding sites of HPF for platelets were demonstrated to be 
the γ400‐411 segments, which were exposed by HPF fibers or HPF layers on 
hydrophilic polymer surfaces. The formed HPF fibers seemed to bind the platelets 
in small areas instead of uniformly across the surfaces. [152] Moreover, the HPF 
layer on hydrophobic surfaces appeared to improve the endothelialization while 
reducing the platelets adhesion, attributing to the exposed binding sites on αC 
chains for endothelial cells and the hidden binding sites to platelets. [152]  
There is no study on the extent of HPF conformational changes and its impact on 
platelet adhesion independence of well‐defined nanostructured surfaces, especially 
with the topographical features comparable to the size of HPF. 
 
2.5 Brief Summary 
In this chapter, the current state‐of‐the‐art in controlling protein adsorption and 
platelet adhesion behaviors on polymeric biomaterials have been reviewed. The 
choice of synthetic polymers as biomaterials is defined by the end user and 
thoughtful considerations of their properties. Besides the biological requirements, 
the surface properties of polymers are being needed to guide the protein adsorption. 
Furthermore, the adsorbed proteins mediate cellular interactions and subsequent 
tissue integration.  
The original design work on biomaterial surfaces, such as nanostructure fabrication, 
is one of the focus in current biomedical science. The creating of nanostructures on 
various polymer surfaces, i.e., amorphous polymers, semicrystalline polymers, and 
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block copolymers, could be accomplished by corresponding strategies. These 
nanostructures were developed to improve the biocompatibility and bio‐sensing of 
polymeric biomaterials, other than the surface properties as wettability, 
charge/polarity, and functionalization.  
The advances in polymeric nanostructure designs for controlled protein adsorption 
were highlighted, especially for the plasma protein, HPF. The unique structure and 
function of HPF resulted in various interactive and adsorption events on surfaces, 
which have attracted the most interest. The remained challenges in structural 
designs include developing biomaterials with much richer surface features, 
understanding the specific protein‐surface interactions, and elucidating the 
platelets response to conformational changed proteins. In the next chapter, the aims 
and objectives of this work will be highlighted to provide a clear view of this work. 
To make the above statements more understandable, the protein adsorptions on 
polymeric nanostructured surfaces were summarized in table 1, according to the 
polymers, patterns, proteins, adsorption behaviors, and conclusions. In the next 
chapter, the aims and objectives of this work will be highlighted to provide an 
overall view of this work. 
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Table 1. Protein adsorptions on polymeric nanostructured surfaces. 
Polymers Patterns Proteins Adsorption behaviors Conclusions Ref 
Lithography and molding 
PHMS 209 and 
489 nm 
nanopores 
Human 
lactoferrin 
The proteins were 
confined inside the 
nanopore array with 
higher density. 
The assembly regions of 
protein changed with the 
hydrophobicity of the 
pores. 
Preferential 
immobilization 
[191] 
PMMA 70–100 nm 
nanowells 
BSA, 
lysozyme 
BSA adsorbed in the 
cavities with 
conformational changes.  
Lysozyme adsorbed 
outside the cavities with 
native conformation. 
Preferential 
adsorption 
[6] 
PMMA 15, 50, 
100 nm 
nanopits 
HPF, 
lysozyme 
HPF adsorbed in 15, and 
50 nm pores with 
“end‐on” orientation.  
Lysozyme adsorbed with 
native conformation. 
Conformational 
changes upon 
adsorption 
[239] 
Self-assembly 
PS‐b‐PMMA 25 nm 
cylinders 
HPF HPF aligned parallel to 
the major axis of the 
nanodomain. 
Preferential 
alignment 
[198] 
PS‐b‐PMMA 45 nm  
cylinders 
HPF HPF aligned 
perpendicular to the 
major axis of 
nanodomain. 
Preferential 
alignment 
[188] 
PS‐b‐PMMA 25 nm 
cylinders 
HPF, BSA The initially adsorbed 
BSA was replaced by HPF 
due to the Vroman effect. 
Competitive 
protein 
adsorption 
[202] 
Polymer crystallization 
PE single 
crystal 
0.7 nm 
thick 
lamellae 
HPF HPF orientated along 
crystallographic [100] 
and [010] directions. 
Preferential 
alignment 
[204] 
MD HDPE 30×100 
nm2 SKCs 
HPF HPF diffused along 
polymer chain direction, 
i.e., melt‐drawing 
direction. 
Anisotropic 
diffusion 
[207] 
MD 
UHMWPE 
26×103 
nm2 
stacked 
lamellar 
HPF HPF aligned along the 
major axis of the stacked 
lamellar. 
Preferential 
alignment 
[116] 
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3  
Aims and Objectives 
3.1 Open Scientific Questions 
Researchers demonstrated that proteins had unique adsorption behaviors on 
material surfaces with nanoscale topographies, especially when the dimension of 
the topographical features was similar to the size of the protein. The development 
of nanostructure fabrication methods allowed better control of lateral resolution 
and geometry of structured polymer surfaces. Among these methods, the MD 
technique offers excellent power in highly‐oriented nanostructures in a facilitated 
way. Unique adsorption behaviors of proteins have been observed on 
nanostructured MD polymer surfaces. It was elucidated that these surfaces own 
specific controlling factors, such as nanostructure, spatial arrangement, and 
crystallinity.  
Inspired by these unique phenomena, the following questions raised: 
a. Could the physical factors, width, and curvature, of polymeric nanostructures 
play an essential role in the assembly and conformation changes of HPF?  
b. Could the spatial arrangement of polymeric nanostructures influence the 
alignment and orientation of single HPF molecules? 
c. How are the subsequent biological responses mediated by the nanostructures 
with the surface‐immobilized HPF?  
The better understandings of these adsorption behaviors would lead to 
topographically‐controlled protein assembly, which can be utilized in modeling 
blood‐contacting surfaces of biomaterials.  
3.2 Hypotheses 
In this thesis, the following three hypotheses were tested.  
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a. The physical factors, i.e., the width and curvature of polymer crystals on the 
nanostructured polymer surfaces, influence the HPF conformation change, ordered 
layer formation, and adsorption dynamics.  
b. The nanostructured MD iPB‐1 surfaces mediate the alignment and diffusion of a 
single HPF molecule.  
c. The conformation and thus bioactivities of the adsorbed HPF molecules, which 
affect the adhesion and activation behaviors of platelets, depend on the 
nanostructure of the underlying polymeric surface.  
3.3 Aims and Objectives 
This work aimed to gain more in‐depth insight into the adsorption behavior of HPF 
on topographically distinct nanostructures of iPB‐1 and HDPE surfaces.   
Three objectives were applied in this thesis:  
Firstly, to investigate the effect of crystal width and curvature, the 
concentration‐ and time‐dependent protein adsorption on nanostructured iPB‐1 
surfaces in combination with protein adsorption kinetics are characterized using 
quartz crystal microbalance with dissipation (QCM‐D) and AFM.  
Secondly, to understand the influence of spatially arranged nanostructure on single 
HPF molecules, the alignment and diffusion of single HPF molecules on 
highly‐oriented nanostructured iPB‐1 surfaces are detected via AFM and MAPT.  
Thirdly, to evaluate the bioactivities of the surface‐immobilized HPF molecules, 
platelet adhesion and activation on nanostructured polymer surfaces are obtained 
through optical microscopy and SEM.  
3.4 Scientific Significance 
The research of protein adsorption on nanostructured polymer surfaces allows 
biomaterial scientists a deeper understanding of biomaterial design. Physical 
processes to modify materials surfaces may, i) efficiently improve the 
biocompatibilities of the biomaterials; ii) significantly reduce the cost of 
biomaterial implants by surface modification; and iii) additionally inspire more 
cross‐disciplinary researches in nanostructured surfaces.  
The experimental evidence in this work may provide the comprehensive 
elucidations of protein‐surface interactions, confirmation of present theories, and 
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inspiration of new biomaterial design. Therefore, the work described in this thesis 
will be relevant not only for advancing the knowledge of controlled protein 
adsorption on the blood contact materials but also for practical interests in the 
developments of bio‐devices and biomaterials.  
3.5 Related Publications 
(1) Xiaoyuan Zhang, Christian Helbing, Matthias M.L. Arras, Klaus D. Jandt, and 
Izabela Firkowska‐Boden. Nanocrystal Width Controls Fibrinogen Orientation and 
Assembly Kinetics on Poly (butene‐1) Surfaces, Langmuir, 2017, 33(26), 
6563‐6571. 
(2) Izabela Firkowska‐Boden, Xiaoyuan Zhang, Klaus D. Jandt, Controlling Protein 
Adsorption through Nanostructured Polymeric Surfaces, Advanced healthcare 
materials, 2018, 7(1), 1700995. 
(3) Xiaoyuan Zhang,+ Izabela Firkowska‐Boden,+ Matthias M.L. Arras, Mark J. 
Kastantin, Christian Helbing, Alper Özogul, Enrico Gnecco, Daniel K. Schwartz and 
Klaus D. Jandt, Fibrinogen Diffuses via Anisotropic Nano‐Crawling on 
Nanostructured Isotactic Polybutene‐1 Surfaces, Langmuir, 2018, 34(47), 
14309‐14316. 
+ These authors contributed equally to the work. 
3.6 Related Presentations  
(1) Xiaoyuan Zhang, Izabela Firkowska‐Boden, Christian Helbing, Klaus D. Jandt, 
Fibrinogen Assembly on Nanostructured Polybutene‐1 Surfaces, Chinese German 
Chemical Association (CGCA®) 30th annual conference, 19. ‐22. 04. 2018, Berlin, 
Germany. 
(2) Xiaoyuan Zhang, Izabela Firkowska‐Boden, Christian Helbing, Klaus D. Jandt, 
Nanocrystal Width Controls Fibrinogen Assembly on Polybutene‐1 Surfaces, Jena 
School for Microbial Communication (JSMC) Symposium 2017, 16. ‐17. 10. 2017, 
Jena, Germany.  
(3) Xiaoyuan Zhang, Matthias M. L. Arras, Christian Helbing, Klaus D. Jandt, Tracking 
the Diffusion of Single Fibrinogen on Nanostructured Polybutene‐1 Surfaces, 
CGCA® 29th annual conference, 16. ‐17. 06. 2017, Bremen, Germany.  
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(4) Xiaoyuan Zhang, Matthias M.L. Arras, Christian Helbing, Klaus D. Jandt, 
Anisotropic Diffusion of Single Fibrinogen Molecule on Highly‐oriented 
Nanostructures Tracked by MAPT, JSMC Symposium 2016, 15. 12. 2016, Jena, 
Germany. 
(5) Xiaoyuan Zhang, Christian Helbing, Matthias M.L. Arras, Klaus D. Jandt, 
Fibrinogen Adsorption on Nano‐structured isotactic Polybutene‐1 Thin Films, 
Ministry of Education of the P. R. China 'Chunhui' Plan 2016, 03. ‐08. 07. 2016, 
Peking, Ningbo, and Shanghai, P. R. China.  
(6) Xiaoyuan Zhang, Christian Helbing, Matthias M.L. Arras, Klaus D. Jandt, Human 
Plasma Fibrinogen on Nanostructured Polybutene‐1 Thin Films, CGCA® 
28th annual conference, 10. ‐11. 06. 2016, Düsseldorf, Germany.  
(7) Xiaoyuan Zhang, Christian Helbing, Matthias M.L. Arras, Klaus D. Jandt, Human 
Plasma Fibrinogen on Nanostructured Polybutene‐1 Thin Films, CGCA® South 
forum 2016, 05. 03. 2016, Tübingen, Germany. 
(8) Xiaoyuan Zhang, Protein Patterns on Polymer Surfaces, CGCA® East forum 2015, 
06. 12. 2015, Leipzig, Germany.  
(9) Xiaoyuan Zhang, Matthias M. L. Arras, Christian Helbing, Klaus D. Jandt, Human 
Plasma Fibrinogen on Nanostructured Polybutene‐1 Thin Films, JSMC Retreat 2015, 
26. 11. 2015, Bad Sulza, Germany.  
3.7 Thesis Outline  
The following descriptions are the highlighted subjects presented in this thesis. 
Chapter 1 introduces the significance of protein adsorption behavior on surfaces. 
Chapter 2 provides state of the art referring to the applications of the polymer as 
biomaterials, surface nanostructuring methods for polymers and protein 
adsorption behaviors on nanostructured polymer surfaces. 
Chapter 3 addresses the open questions, hypotheses, aims, objectives, and scientific 
significance of this thesis. 
Chapter 4 describes the theories of the MD technique, QCM‐D measurement, and 
MAPT method, which are essential for better understandings of protein adsorption 
on surfaces. Meanwhile, detailed information about the sample preparation and 
characterizations are provided.  
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Chapter 5 presents the HPF adsorption and cell adhesion behaviors on 
nanostructured surfaces. 
Section 5.1 displays the topographical effect of two distinguished crystalline 
nanostructures on the adsorption behaviors, such as conformation change and 
orientation, of HPF molecules. The distinct adsorption and assembly configurations 
of HPF molecules on iPB‐1 surfaces were determined as a function of crystal 
lamellae dimensions.  
Section 5.2 mainly reports that the nanostructured surfaces can control protein 
adsorption on the molecular level. An enhanced understanding of HPF adsorption 
on nanostructured surfaces was present by combining MAPT and AFM to study the 
adsorption dynamics and static characteristics.  
Section 5.3 shows that the surface‐immobilized HPF molecules can regulate the 
platelet adhesion. The amounts, as well as the morphologies of the adhered platelet 
cells,  are characterized and discussed with the changing of protein conformation 
and assembly configurations. 
Chapter 6 summarized the work in this thesis and emphasized the importance of 
protein adsorption on biomaterial surfaces.  
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4  
Experimental  
 
4.1 Experimental Techniques  
4.1.1 Atomic force microscopy (AFM)  
This section introduces the empirical knowledge and theoretical understandings of 
AFM. After the invention by Binnig et al., [239, 240] AFM became the dominant 
instrument to investigate the surface properties in the microns to the 
sub‐nanometer range. It can provide three‐dimensional topography information as 
well as stiffness, friction force, and lateral stiffness on surfaces by monitoring and 
adjusting the tip‐surface interactions (Fig. 9a).  
AFM consists of a scanning component, cantilever mounted with a sharp tip, optical 
detection system, and feedback control. [241‐243] In the general setup, the motion 
of cantilever in three dimensions is controlled by a piezo scanner. [241] The 
deflection, oscillation, and twisting of the cantilever are reflected by the laser beam, 
which is pointed toward the back side of the cantilever and to the photodiode 
detector. [241] To adjust the tip‐surface interactions, close‐looped feedback control 
is applied, and thus, all feedbacks are analyzed for user‐defined purposes. [242] 
Therefore, by raster scanning the tip over the surfaces, images with different 
surface properties can be obtained. [242, 243]   
The imaging modes of AFM are classified into two categories, static and dynamic 
modes. [241] In the static mode, the tip is set to contact with material surface, in 
which repulsive force between the tip and surface is dominant. [244, 245] Although 
topography and friction images with high resolution can be achieved, mechanical 
damage to soft surfaces as biomolecules and polymers is inevitable. [246] In the 
dynamic mode, the tip is several nanometers away from the surface, in which the 
attractive forces are dominant. [247‐249] At this intermediate distance, changes of 
oscillation amplitude, frequency, and phase are detected. [243] Take tapping mode 
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for instance, the amplitude is kept constant through the detection by lock‐in 
amplifier and feedback by adjusting the tip‐surface distances (Fig. 9c and d). As a 
result, topography and phase images can be possessed depending on the motion of 
cantilever and driving oscillation. [250, 251] This mode is suitable for soft imaging 
materials as polymers and biomolecules. [252‐254]  
 
Figure 9. The working principle of AFM. (a) Sketch of AFM. (b) Typical AFM tip and 
colloidal probe. (c) Tip‐surface interactions. (d) Tip close to the surface when scanning.  
 
The typical tips used in AFM are from silicon or silicon nitride, with the radius of 
several nanometers (Fig. 9b). As is known that the AFM with the contacting mode 
can simulate friction properties on the surface. [255, 256] However, the sharp tip 
used in this mode damages the surface of soft materials easily and thus influence 
the measured friction forces. [257, 258] Nowadays, spherical colloidal probes 
mounted on the cantilever are applied to overcome these disadvantages. [259] This 
can be attributed to i) large contact area to distribute the pressure onto the surface, 
ii) high signal‐to‐noise ratio to acquire friction information, and iii) improved 
quality of adhesion values. [259, 260] Therefore, more and more researchers are 
utilizing colloidal probes to elucidate the tribological properties of surfaces with 
nanostructures. [261] 
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4.1.2 Quartz crystal microbalance with dissipation (QCM-D)  
Over the last few decades, QCM‐D has been extensively applied in various fields, 
such as proteins, polymers, surfactants, and cell attachments on surfaces in aqueous 
conditions. [6, 41, 262] In the biomedical fields, it is widely used to provide the 
protein adsorption kinetics and to obtain better understandings of protein‐surface 
interactions. [263, 264] In principle, QCM‐D performs as an ultra‐sensitive balance 
for small molecules adsorbed on the surfaces (Fig. 10 a, b, and c).  
 
Figure 9. The working principle of QCM‐D. (a) Sketch of QCM chips. (b) Detected 
frequency change as a function of time. (c) Schematically drawings of HPF adsorption on 
QCM chips at the stages i, ii, and iii. (d) “Side‐on” and (e) “end‐on” conformations of HPF. 
 
The quartz crystal disc can oscillate at the resonance frequency under alternating 
voltage. [262] The signals of frequency changes (Δf) and dissipation changes (ΔD) 
can be transferred to the computer via the pair of gold electrodes on the front and 
back side of the discs. [265‐267] Δf decrease and ΔD increases when the small 
molecules adsorb on the surfaces (Fig. 10b and c).  
The obtained Δf can be converted to adsorbed mass by the Sauerbrey 
equation. [268‐270] Mass changes (Δm) is equal to ‐CfΔf, where Cf is the sensitivity 
factor for the crystal (56.6 Hz·µg‐1·cm2 for a 5 MHz AT‐cut quartz crystal at room 
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temperature, taken from QCM‐D Stanford Research). [1, 266, 271] ΔD value is 
calculated into the dimensional ratio, ΔD/(−Δf/n), where n is the number of 
overtones, for determining the validity of the Sauerbrey equation in the conditions 
applied. [272] When the dimensional ratio is much smaller than 4×10‐7 Hz‐1 for 
5 MHz sensors, the ΔD concerning Δf is small, and the viscoelastic ΔD of energy can 
be neglected. [19, 27, 41, 273] In this case, the adsorbed protein layer can be 
assumed rigid, and the Sauerbrey equation is valid. [6, 169, 272, 274, 275]  
Following the concept given by Hu et al., a monolayer or multilayer film can be 
obtained by comparing the experimental mass with the theoretical protein 
monolayer. [276] Take HPF for instance, the theoretical monolayer coverage mass 
was calculated to be 540 ng/cm2 by the random sequential adsorption (RSA) 
model. [187, 189] In the model, the HPF molecule can be assumed to be a rod with 
6 nm diameter and a length of 45 nm. [156, 187] Two adsorption situations, 
“side‐on” (Fig. 10d) and “end‐on” (Fig. 10e) adsorption are the main basis of the 
theoretical calculations of maximum monolayer mass per unit area. [180, 187, 188] 
The surface occupied by one molecule is 270 nm2 (projection area) for “side‐on” 
adsorption. [180, 187, 188] The total covered mass for HPF “side‐on” adsorption is 
m0=5.710‐19 g. [180, 187, 188] Accordingly, the monolayers in both conformations 
present the masses ranging from 210 (“side‐on” adsorption) to 1570 ng/cm2 
(“end‐on” adsorption). [156]   
4.1.3 Mapping using accumulated probe trajectories (MAPT)  
Tracking the individual proteins on the water‐surface interfaces is the basis for 
elucidating the protein adsorption, desorption, and diffusion behaviors. [277] 
However, it is inaccessible for traditional and ensemble‐averaged methods, such as 
AFM, TEM, and QCM‐D, etc. [192] Therefore, novel characteristic techniques are 
needed by biomaterial scientists.   
MAPT, which was recently developed for the direct observation of fundamental 
physical interactions, is a promising method to characterize the diffusive behavior 
of single HPF molecules at the solid‐liquid interface. [207, 277‐280] Total internal 
reflection fluorescence microscopy with single‐molecule resolution (TIRFM‐SM), 
which is the core component of MAPT (Fig. 11a), has recently shown its ability to 
provide a time‐resolved spatial mapping of protein‐surface interactions. Thus it 
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was utilized to investigate protein diffusion dynamics on specific regions of interest 
that are defined by distinctive dynamic features. [207, 277, 281] 
 
Figure 11. The working principle of MAPT. a) Data collection by TIRFM‐SM; 
b) Occupancy map and zoomed several steps for HPF on MD iPB‐1 surfaces. The connected 
white lines indicate the direction and distance of the diffusing HPF molecules; and 
c) cumulated residence time of single molecules, which are simulated from the number of 
steps.   
 
The evanescent and exponentially decaying field of light, generated in TIRFM at the 
solid‐liquid interface, penetrates the liquid for only about 100 nm (Fig. 11a). This 
phenomenon perfectly suits to observe solid‐liquid interfacial events. The 
evanescent field also significantly minimizes the background emission from 
fluorophores in the vicinal bulk solution and thus strongly improves the spatial and 
temporal resolution of single molecule detection. [278, 279, 281] With continuous 
spatial localization tracking and the following computational analysis, the dynamic 
behavior of single protein molecules can be identified, independent of transport in 
solution. [279] Therefore, the adsorption, desorption, and diffusion behaviors of 
fluorescently labeled HPF molecules at the liquid‐solid interface can be tracked and 
permit detailed analyses involving the differences in dynamics on different spots of 
the surface. [207, 281] 
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The main data analysis procedures are described as follows. After acquiring 
consecutive frames under certain conditions, a two‐stage tracking program is 
performed. [279] The first stage includes identification of objects by convolving 
each frame with a disk matrix, background subtraction, user‐defined thresholding 
procedure, and morphological transform. [277] The position of objects 
(∑ x F   , ∑ y F   ) is calculated by the centroid intensity, where (xi, yi) is the position 
of the ith pixel, and Fi is its intensity. [280] The second stage is creating molecular 
trajectories. [277] When identified objects are located on sequential frames within 
a distance of fewer than 4 pixels (910 nm), the object is considered as the 
same. [280] A trajectory is formed by connecting these objects in the sequential 
frames. [277] The objects only appear in one frame or much smaller than the 
diffraction limit is ignored to reduce the noises. [280]   
The field of view is divided into square bins of a specified size for determining 
surface occupancy maps (i.e., the density of observed HPF locations per area, time, 
and the bulk concentration of labeled HPF), shown in Fig. 11b. High occupancy 
indicates that one object stays at the same location or that multiple objects reside 
sequentially in the same location. [207] One molecule residing in a bin for 0.2 s 
corresponds to a surface occupancy of 1.3×1012 μm−2s−1M−1. [207] The surface 
residence time for an identified object can be obtained by multiplying the number 
of consecutive identified frames with the duration time of each frame, shown in 
Fig. 11c. The mean residence time is the average value of all the mean residence 
times from specific‐selected trajectories divided by the number of selected 
trajectories using the occupancy map. [207] More than 200 trajectories need to be 
chosen for each mean residence time. [207] The standard deviations come from the 
half‐width of the mean residence time histogram of the randomly‐selected 
trajectories. [207]  
To analyze the anisotropy of diffusion, each motion is separated into two 
components, one parallel and one perpendicular to the major direction, 
respectively. [279] The diffusion coefficient in the two directions is determined as 
the mean squared‐displacement divided by 2Δt, in which Δt is the acquisition time 
of 0.2 s, and the factor of 2 was appropriate for diffusion in one dimension. [279] 
Positional uncertainty of 0.0125 μm2s−1 is subtracted from the mean diffusion 
coefficient in both the parallel and perpendicular directions. [207] Positional 
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uncertainty is estimated by selecting a subset of immobile objects over long time 
intervals and observing the apparent squared displacement in Δt=0.2 s. [207, 277] 
The uncertainty is determined as the standard deviation of the mean residence 
time. [207]  
 
4.2 Sample Preparation and Characterization 
4.2.1 Preparation of nanostructured surfaces 
Isotactic polybutene‐1 (iPB‐1) with a molecular weight of 570 kgmol‐1 and HDPE 
with a melt index of 2.2 g/10 min (190 ˚C/2.16 kg) were purchased from 
Sigma‐Aldrich Chemie GmbH (Schnelldorf, Germany). p‐xylene (synthesis grade) 
was purchased from Merck KGaA (Darmstadt, Germany).  
 
Figure 12. Schematic of MD technique. With the evaporation of polymer solution on the 
heating plate, polymer melt forms. The polymer thin film is collected between the roller 
and polymer melt. 
 
The NLCs of iPB‐1 were created by the MD technique (Fig. 12). The iPB‐1/p‐xylene 
solution was prepared at a concentration of 1 wt % and heated to 120 ˚C. The main 
procedures for melt drawing technique are as follows. The hot solution was poured 
on a glass plate with a temperature of 125 ˚C, which was the optimized temperature 
for long needles and flat surfaces. A thin iPB‐1 film was drawn off the glass plate by 
a roller at a speed of 6 cms‐1. The MD iPB‐1 thin films were attached on glass slides 
for further investigation using a trace amount of solvent.  
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The originally self‐supporting MD iPB‐1 thin film was fixed on a metal ring to store 
it for further use temporarily. Subsequently, the melt‐drawn thin films were 
mounted on glass coverslips and the silicon wafer, cut into 1 cm×1 cm pieces. 
MD HDPE was prepared similarly as MD iPB‐1, but with a plate temperature of 
130 ˚C.  
 
Figure 13. Schematic of SC technique. The polymer solution is dropped on the substrates. 
The plate, fixed with the substrate, spin with a speed of 2000 rpm to form the thin polymer 
film.  
 
To obtain the lamellar crystals (LCs) of iPB‐1, spin coating technique (Fig. 13) was 
applied. This is one of the most facilitate method to form thin films on chosen 
substrates. The procedures performed in this work were as follows. iPB‐1 solution 
(1.0 wt % in p‐xylene) was spin‐coated on silicon wafers at 2000 rpm and 
thoroughly dried at ambient temperature for three days. 
4.2.2 Surface nanostructures by AFM  
Topography and phase images of surfaces before protein adsorption were recorded 
using a MultimodeTM III scanning probe microscope (Digital Instruments, Veeco, 
Santa Barbara, CA, USA) at ambient temperature in air. Standard silicon cantilevers 
were purchased from Bruker (model RTESP, Vecco, Santa Barbara, CA, USA). They 
featured a resonance frequency in the range of 315‐364 kHz in the air, a spring 
constant in the range of 20‐80 Nm‐1, and a typical tip radius of less than 10 nm 
(average 7 nm). The sample size was 11 cm2. 
The friction properties of both MD iPB‐1 and MD HDPE surfaces were measured 
with JPK nanowizard 4 AFM (JPK Instruments AG, Germany) under dry conditions. 
The colloidal probe SiO2 with a diameter of 10.2 µm, equipped on ContAl‐G 
cantilever, was used in this experiment. The friction forces were measured under 
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different loads, 10, 20, 30, 40 and 50 nN in 2 µm scan size. The sample size was 11 
cm2. The measured lateral force directions were 0° (in the drawing direction of the 
melt‐drawn films) and 90° (perpendicular to the drawing direction).  
4.2.3 Surface chemistry determination by contact angle measurement and 
X-ray photoelectron spectroscopy (XPS) 
The contact angle analysis was performed with a DSA10 drop shape analysis system 
(Krüss GmbH, Hamburg, Germany). Double‐distilled water was used in this study. 
The images of the water drops on the surfaces were recorded and analyzed via the 
drop shape analysis system. At least three samples and three areas were measured 
in each group at ambient temperature. The distilled water volume was around 
10 μL, and the dosing rate was 6.5 μL/min. X‐ray photoelectron spectroscopy (XPS) 
analysis of pure iPB‐1 films was conducted on an EA200‐ESCA‐system (SPECS) 
using nonmonochromatic Mg Kα radiation (hν=1253.6 eV). 
 
4.3 Protein Detection on Nanostructured Surfaces  
4.3.1 HPF adsorption on nanostructured surfaces 
HPF was purchased from Calbiochem (Merck KGaA, Darmstadt, Germany). 
Phosphate buffered saline solution (PBS) was purchased from Invitrogen (Thermo 
Fisher Scientific, Germany). A stock solution of HPF in PBS was prepared at a 
concentration of 1000 mgL‐1. The stock solution was then diluted with PBS into 
10‐10, 10‐4, 10‐3, 10‐2, 10‐1, 1, 10, and 100 mgL‐1. For each HPF concentration, 2 mL 
PBS solution of the respective HPF concentration was pipetted on the polymer films 
and left for 30 min adsorption under quasi‐physiological conditions at 37 ˚C. [6, 282] 
Protein adsorption experiments were carried out under quasi‐physiological 
conditions (37 ˚C, pH=7.4). The sample size was 11 cm2. After 30 minutes 
exposure to HPF solution, the films were rinsed twice with pure PBS solution and 
Milli‐Q water to remove non‐adsorbed protein and PBS residues from the film 
surface. The films were then dried at ambient temperature in air.  
4.3.2 HPF observations by AFM  
Topography and phase images of surfaces after protein adsorption were recorded 
by the same procedure as described in section 6.1.2.  
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4.3.3 HPF adsorption dynamics by QCM-D 
The adsorption kinetics of HPF to the nanostructured surfaces were measured with 
QCM‐D (Q‐Sense, Goteborg, Sweden). Quartz crystals with a fundamental frequency 
of 5 MHz were purchased from Quartz Crystal Microbalance (Q‐Sense, Goteborg, 
Sweden) with gold electrodes and used as purchased or coated with iPB‐1 films. 
Before use, they were cleaned by treating with piranha solution for 10 min and 
immediately washed thoroughly with Millipore water. UV‐treatment was applied as 
a final stage of cleaning gold chips. Also, the melt‐drawn iPB‐1 films were attached 
to QCM‐D chips by using solvent vapor to ensure the tight bonding of the film. To 
obtain the LCs on chips, iPB‐1 solution (1.0 wt% in p‐xylene) was spin‐coated on 
QCM‐D chips at 2000 rpm and fully dried at ambient temperature for three days. 
The diameter of the chips were 14 mm. 
The sensor plate was installed into the QCM‐D chamber (KSV instruments, Helsinki, 
Finland) connected with a temperature controller (Oven Industries, Inc. 
Mechanicsburg, PA), which was set to 37.0±0.1 °C. During rinsing and exchange of 
PBS buffers, the liquids were pumped through the chamber with a flow rate of 
100 μL/min. Twenty minutes were required to obtain a stable frequency baseline. 
For protein adsorption, the HPF solution was pumped into the sensor with a flow 
rate of 20 μL/min.  During the QCM‐D measurement, the Δf and ΔD were 
simultaneously recorded at its first five overtones (n=3, 5, 7, 9, 11). [283, 284]  
4.3.4 Single protein tracking by MAPT 
For the TIRFM‐SM measurement, the HPF molecules labeled with AlexaFluor 488 
were purchased from Molecular Probes Inc. (Eugene, Oregon, United States). The 
buffer concentration of labeled HPF was 10‐10 mgL‐1, resulting in sufficiently sparse 
images to permit accurate localization and trajectory segmentation of individual 
HPF molecules. To study the effects of crowding, a high concentration (1 mgL‐1) 
solution was prepared, composed primarily of unlabeled HPF, in which the 
concentration of labeled HPF molecules was still 10‐10 mgL‐1. Single molecule 
detection was carried out by TIRFM‐SM measurements. The Nikon TE‐2000 
microscope with a 60× objective was equipped with a custom‐built prism‐based 
illumination system, flow cell and 491 nm diode pumped solid state laser. The 
frame acquisition time was 0.2 s for each 800‐frame movie. All experiments were 
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carried out under quasi‐physiological conditions (37 ˚C, pH=7.4). The sample size 
was 11 cm2. The signal‐to‐noise ratio, 3.5±1, was determined by the ratio of the 
maximum intensity of each identified object to the root mean squared value of 
background intensity. The data acquisition was performed by 
Prof. Mark J. Kastantin in university of Colorado Boulder in the USA. The sample 
preparation, data analyzation, and mechanism elucidation were achieved in the 
group of Chair of Materials Science in Jena in Germany.  
 
4.4 Cell Adhesion on Nanostructured Surfaces  
4.4.1 Cytotoxicity of surfaces 
The 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT, Sigma, 
Poole, UK; 1.25 mg/mL in Dulbecco's modification of Eagle medium 
(DMEM)/Ham's medium) assay were used to determine the fibroblast cell viability 
on iPB‐1 surfaces. The cells were seeded at 2×103 cells/well in 96‐well plates and 
cultured in serum‐free medium for 24 hours. At the incubation, the serum‐free 
medium was removed. 100 μL of MTT with different concentrations were added 
into the medium. The cells were then incubated at 37 °C for four hours. To form the 
formazan precipitate, the medium was solubilized overnight by 20% sodium 
dodecyl sulfate (SDS) and 50% dimethyl formamide. The light absorbance of 
dissolved formazan was measured at 570 nm using a Power Wave HT 
spectrophotometer (Bio‐Tek Instruments GmbH, Bad Friedrichshall, Germany). 
4.4.2 Platelet adhesion on surfaces  
The MD iPB‐1, Spin coated isotactic polybutene‐1 (SC iPB‐1), and MD HDPE films 
were prepared as mentioned before. To fix the samples, PDMS was firstly coated on 
the clean coverslips. The PDMS blend was made from two components of a silicone 
elastomer kit (Sylgard 184 Silicone Elastomer Kit, Dow Corning, Midland, Michigan, 
USA). In this case, the base component was mixed with a thermally‐sensitive 
crosslinking component in a ratio of 10:1 in a plastic vessel. The viscous mixture 
was mixed continuously in a polystyrene tumbler for 10 minutes until no more 
bubbles appeared. The finished mix was then spin‐coated on the glass coverslips. 
For the spin coater, the settings for coating with iPB‐1 were retained. The 
PDMS‐coated coverslips were placed in an aluminum foil‐covered glass vessel. A 
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heat treatment took place in a vacuumed oven at 120 °C for about two hours. They 
were then cooled in the oven for 12 h to room temperature and stored for later 
fixation of the films. The MD iPB‐1 and MD HDPE films were then transferred to the 
PDMS/glass substrates.  
The HPF solutions and the nanostructured surfaces were ready for experiments. A 
total of 105 samples were used for the tests: 35 SC iPB‐1, 35 MD iPB‐1, and 
35 MD HDPE. Two different concentrations of protein solutions (0 mg/L as control 
and 1 mg/L) were used, as well as three different incubation times (5, 30, and 
60 min) for the platelet concentrate‐covered samples. The experiments were 
carried out for each parameter pair with five samples. 
The platelet concentrate was purchased from the University Hospital Jena 
(Germany). The donor blood required for this was taken 48 hours before the start 
of the experiments. Twenty‐four hours later, after checking for unacceptable 
residues and sources of infection, the blood was centrifuged. The buffy coats from a 
total of four donors were assembled into a platelet concentrate (21011 platelets 
per 250 mL). Then the concentrate was stored at 22 °C in constant motion.  
1 mL of HPF solution was added to according films. After that, the samples were 
kept at 37 °C in the incubation cabinet for half an hour. Twenty samples per material 
were covered with one concentration at a time. Subsequently, the HPF solutions 
were removed, and the samples were rinsed with 1 mL of PBS. After that, all 
samples, including those without HPF pretreatment, were covered with 1 mL of the 
concentrate. After the incubation, the samples were placed in the incubation cabinet 
for 5, 30, and 60 min at 37 °C. 
At the end of each time, the samples were rinsed twice with 1 mL of PBS. 
Subsequently, 25% glutaraldehyde solution (Sigma Aldrich, Schnelldorf, Germany) 
was diluted with PBS in 1:10. In each case, 1 mL of the resulting solution was added 
to the samples. The mixture was removed from the samples after 18 hours.  
4.4.3 Platelets observation by optical microscope (OM) and scanning 
electron microscope (SEM) 
The samples were examined after completion of the experiments for evaluation 
with the light microscope Leica DM2700M (Leica Mikrosysteme Vertrieb GmbH, 
Wetzlar, Germany) and with the Zeiss Auriga 60 SEM (Carl Zeiss Microscopy, Jena, 
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Germany). All data were expressed as the mean ± standard deviation for n=5. Before 
the number and area percentage analysis, the LM and SEM images were transferred 
into 8‐bit images. To further enhance the contrasts between background and 
platelet cells, the backgrounds of the images were subtracted via the “Subtract 
background” function with a rolling ball radius of 50.0 pixels. After that, the number 
of platelets on surfaces were analyzed through particle analysis function in ImageJ 
software (ImageJ 1.52i, 64‐bit) on the binary (black and white) images. While the 
area percentage analysis was accomplished via the over/under threshold 
adjustment. Single factor analysis of variance (ANOVA) technique was used to 
assess the statistical significance of results between groups of platelet adhesion on 
nanostructured surfaces. The statistical analysis was performed with the software 
OriginPro (version 9.1G 64‐bit) at a confidence level of 95%.  
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5  
Results and Discussion 
 
5.1 Nanocrystal Width Controlled Fibrinogen Assembly 
Aiming at fabricating nanostructures approaching the dimension of HPF, different 
nanostructuring techniques were applied to the corresponding polymers. This 
section presents the (i) AFM analysis of the surface nanotopographies of pristine 
MD and SC films, and adsorption behavior of HPF molecules, as well as (ii) HPF 
adsorption kinetics by QCM‐D.  
5.1.1 Semicrystalline polymer thin films 
To create chemically alike yet nanostructure distinct on polymer surfaces with 
topographical features smaller or comparable to the length of HPF molecule, iPB‐1 
thin films were fabricated by the MD and SC techniques. As shown in Fig. 14, the 
native surface of MD iPB‐1 features a specifically arrangement of close‐packed 
longitudinal NLCs, which are aligned parallel to the film drawing direction. The 
peak‐to‐peak distance between the NLCs is 27±10 nm, where the width of the 
crystal is 22±8 nm. The crystals protrude out of the interconnected amorphous 
regions of the film with an arithmetic average roughness of 2±1 nm. As a result of 
strong shear forces, the iPB‐1 polymer chains are packed parallel to major NLC axis, 
i.e., the film drawing direction.  
On the contrary to MD iPB‐1, the surface nanotopography of SC iPB‐1 is composed 
of LCs (Fig. 15). The SC iPB‐1 LCs have a lateral peak‐to‐peak distance of 62±12 nm 
and a width of  50±11 nm. The width of the LCs segments, highlighted by the dashed 
white lines on the enlarged LCs phase image in Fig. 15c, is 40±10 nm. The crystals 
protrude out of the surfaces with an arithmetic average roughness of 4±1 nm. In the 
study of Mellbring et al., [285] sheaf‐like crystals were observed in SC HDPE thin 
films with a thickness below 100 nm. The observed sheaf‐like crystals in spherulites 
exhibited similar nanostructures as the LCs in SC iPB‐1 (with a thickness of 
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72.2±15.1 nm) from this work. Meanwhile, the boundaries of the spherulites in the 
ultra‐thin film were diffuse and not clear, different from the typical spherulite 
structures in thick films. Therefore, the formation of the LCs in SC iPB‐1 might be 
attributed to higher secondary nucleation rate for edge‐on crystals in contact with 
the substrate, analogous to sheaf‐like crystals in SC HDPE.   
 
Figure 14. Surface topography of MD iPB-1 thin film. AFM (a) height, (b) phase images, 
and (c) enlarged phase image of the NLCs. (d) Height versus distance profile measured 
along the white dashed lines in height image as well as the C(1s) XPS spectrum. 
(e) Schematic illustration of the lateral dimensions of the NLCs, the arrangement of the 
polymer chains in the crystals, and their relation to the size of the single HPF molecule. Note, 
the two red balls and blue balls in the middle are D‐ and E‐domains, respectively. The dark 
blue lines joining the domains are coiled chains of α, β, and γ chains. The dark blue lines 
outside of D‐domains are α chains with sensitive ends. 
 
To eliminate the possible effects of surface chemistry on the surfaces, XPS spectra 
was performed on the MD and SC iPB‐1 surfaces. It is important to note that the 
C(1s) XPS spectra placed above the topography line profiles in Fig. 14 and 15 show 
no measurable differences in the surface chemistry between MD and SC iPB‐1 
surfaces. The similar chemical properties were also proved by the water contact 
angle of MD iPB‐1 (103.04±3.16°) and SC iPB‐1 (106.2±1.96°). The lateral 
dimension of the NLCs is smaller than the major axis of an HPF molecule, whereas 
the lateral dimension of the LCs corresponds to the length of the HPF molecules. 
58 
 
 
Figure 15. Surface topography of SC iPB-1 thin film. AFM (a) height, (b) phase images, 
and (c) enlarged phase image of the LCs (dashed white lines highlight the segmented 
structure of the LCs). (d) Height versus distance profiles measured along with the white 
dashed line in the height image as well as the C(1s) XPS spectrum. (e) Schematic illustration 
of the lateral dimensions of the LCs, the arrangement of the polymer chains in the crystals, 
and their relation to the size of the single HPF molecule.   
 
The surface nanotopography of MD HDPE exhibits SKCs (Fig. 16), yet they have a 
more regular arrangement in comparison to LCs of SC iPB‐1.  The kebab crystals 
have a lateral peak‐to‐peak distance of 33±9 nm, a width of 13±2 nm, and are 
100±19 nm long. The major axis of the kebab crystals aligns perpendicular to the 
film drawing direction, i.e., lamellar crystals grow on the crystalline needle 
backbones, and protrude out of the surfaces with an arithmetic average roughness 
of 3±1 nm. The HDPE chains orient parallel to the drawing direction. [114]  
Different from LCs of SC iPB‐1, the kebabs of MD HDPE exhibit higher length but 
lower width values. The larger length/width ratio (~10) leads to the unique 
morphologies on MD HDPE surfaces. Comparing to the protein, both the length and 
width of the HPF molecules are relatively smaller than those of MD HDPE kebabs. 
Moreover, the water contact angle of MD HDPE is measured to be 99.4±1.25°, 
indicating that MD HDPE is slightly more hydrophilic than MD iPB‐1 (103.04±3.16°) 
films.  
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Figure 16. Surface topography of MD HDPE thin film. AFM (a) height, (b) phase images, 
and (c) enlarged phase image of the SKCs (dashed white grid highlights the segmented 
structure of the SKCs. (d) Height versus distance profiles measured along the white dashed 
lines inserted in the height images. (e) Schematic illustration of the lateral dimensions of 
the SKCs, the arrangement of the polymer chains in the crystals, and their relation to the 
length of the single HPF molecule.  
 
5.1.2 HPF assembly on nanostructured polymers  
To investigate protein‐surface interactions and the assembly behavior of 
protein‐protein associations, the nanostructured polymer surfaces were exposed to 
three HPF buffer concentrations, namely 0.0001 mgL‐1, 0.001 mgL‐1, and 1 mgL‐1. 
The height and phase images of a series of MD iPB‐1 surfaces with NLCs after HPF 
adsorption are displayed in Fig. 17. For the ultra‐low HPF concentration of 
0.0001 mgL‐1, only star‐like structures composed of several molecules can be seen. 
These structures are magnified and schemed in Fig. 17a and b.  
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Figure 17. HPF assembly on MD iPB-1. AFM height (left) and phase (middle) images of 
HPF adsorbed on MD iPB‐1 with different HPF concentrations: (a and b) 0.0001 mgL‐1, 
(c and d) 0.001 mgL‐1, and (e and f) 1 mgL‐1. The arrows indicate the film drawing 
direction. Magnifications of typical regions in the phase images are shown on the right side 
of AFM images. The sketches of HPF structures are shown on the corresponding magnified 
AFM images. The HPF molecules are sketched by the small dashed white circles in the 
middle (E‐domain) and the two big dashed white circles at the ends (D‐domains) and white 
linker lines (coiled‐coil regions).  
 
With increasing concentration (0.001 mgL‐1), and thus increased protein‐protein 
interaction, the proteins assembled into a network structure over the entire NLCs 
surface. The characteristic feature of this network is a ring‐like network, termed by 
Sit and Marchant, [286] an “eyelet” structure, with protein‐free, centered voids. 
Based on Fig. 17c and d, it can be assumed that three or more HPF molecules are 
partially involved in one “eyelet”. The extracted height of the HPF molecules within 
the network, 1.94±0.84 nm, corresponds well to the reported dimensions of the 
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HPF molecule D and E domains, namely 2.9±0.3 and 1.8±0.3 nm, respectively. [287] 
It also confirms a single HPF layer of the “side‐on” adsorbed molecules. Notably, the 
uniform “eyelet” network layer is similar to that on HOPG reported by 
Gettens et al. [282], as well as on MD UHMWPE surfaces. [116] Yet, on these 
surfaces, the “eyelet” network formed at much higher HPF concentrations, namely 
5 mgL‐1, compared to MD iPB‐1. Furthermore, at the concentration of 1 mgL‐1, the 
underlying structure of NLCs is not visible (Fig. 17e and f). 
To show the HPF “eyelet” network in relation to the underlying NLC 
nanotopography, a zoomed AFM image was displayed in Fig. 18a and b. The zoomed 
AFM image shows that the “eyelets” can be structured by ellipses with different 
dimensions. It was found that the majority of the major axes are arranged parallel 
to the drawing direction, indicating the interactions between protein and NLCs on 
the surface. Since the protein “eyelet” consists of several HPF molecule domains, it 
can be speculated that the orientation of the “eyelet” originates from the 
arrangement of the proteins along the drawing direction, i.e., the NLC long axis.  
To test this hypothesis, the orientation angles, θ, between the “eyelet” major axis 
and the drawing direction, are statistically analyzed and illustrated in Fig. 18b. 
Furthermore, the polar plot as a function of the “eyelet’s” major axis is performed 
to be the angle distribution. In the plot, θ=0° and 90° correspond to the major axis 
of “eyelet” parallel and perpendicular to the drawing direction, respectively 
(Fig. 18c). From the plots, it can be found that the major axis of the “eyelets” mostly 
aligned parallel to the drawing direction. The orientation factor was calculated to 
be f=0.82 with Herman’s orientation function. [288] In the function, f=1 
corresponds to a perfect uniaxial orientation to one direction, and f=0 corresponds 
to the random orientation.  
Besides the “eyelet” orientation, their length distribution and the assembly 
structure of protein molecules are performed to provide more information on 
protein assembly behavior. The lengths of the “eyelet” major axis oriented parallel 
to the NLC nanostructure vary between 25 nm and 60 nm, shown in Fig. 18c.  
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Figure 18. Quantitative analysis of HPF network assembly on MD iPB-1. (a,b) Overlaid 
height and phase image with HPF network and “eyelet” structure represented by solid 
ellipses. (c) Polar plot with the orientation angle, θ, distribution of “eyelets” major axis as a 
function of axis length and “single” HPF molecule. (d,e) Extracted HPF network and its 
color‐coded orientation obtained with ImageJ. (f) Polar plot with the orientation angle, θ, 
distribution of “single” HPF molecule. 
 
These measured lengths fall in the range of reported HPF molecule length, 
53±3.4 nm and analogous to the “eyelet” on MD UHMWPE film. [116] To be specific, 
an “eyelet” with two HPF proteins is 24 nm long, in which the proteins are touching 
each other at the D‐domains at each end and having a 90° bend in the E‐domain. 
This would be the smallest “eyelet” in the networks. Thus, observing that the 
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“eyelet’s” length distribution disappears below 25 nm, it can be assumed that more 
than two HPF molecules form the “eyelet” on the MD iPB‐1 surface. In combination 
with the high aspect ratio of the eyelets’ major to the minor axis, 1.6±0.1, this 
indicates that the HPF end‐to‐end interaction and associated alignment. 
Illustrating the “eyelet” orientation on the surface, one can shift the focus to 
examining the orientation of individual network segments. This information can be 
extracted from the local orientation of the protein network using 2D image 
processing analysis with ImageJ software (shown in Fig. 18d). By using the 
“Tubeness” plug‐in, a clear image of the HPF network from the AFM height profile 
is extracted. The processed images are then analyzed by the OrientationJ plug‐in, 
which is developed by Razakhaniha et al. [289] This plug‐in allows evaluating the 
local orientation of every single pixel of the image. Therefore, the local orientation 
of the network structure can be visualized on the color‐coded image presented in 
Fig. 18e. In the plot, the HPF molecules in the networks with the same orientation 
angles represent one color. And thus, the protein segments oriented parallel to the 
NLCs are processed in red color.  
The distribution of the molecule’s orientation angle, θ, is presented on the polar plot 
(Fig. 18f). As shown by the black filled circles, the distribution peaks at θ≈0°, which 
points toward preferred alignment of the HPF molecules along the NLCs axis. 
Interestingly, the calculated Herman’s orientation factor, f=0.61 indicates a lower 
degree of orientation of “single” HPF molecules in comparison to the assembly 
structure of several molecules, i.e., “eyelets”. This discrepancy in orientation 
(factors) may be explained by the simplified assumption that the locally oriented 
network segment corresponds to a single HPF. Likely, a different local orientation 
is ascribed to the molecules shared by adjacent “eyelets”. 
The observed orientations of the “eyelets” and “single” proteins indicate that the 
MD iPB‐1 surface mediates the arrangement of HPF molecules into anisotropic 
network structures. The orientation mechanism can be proposed as (i) preferred 
adsorption of HPF molecules on crystalline regions compared to amorphous 
ones, [116] and (ii) the high aspect ratio (above 10) in combination with the low 
width of the lamellae crystals. Both factors induce an alignment along the NLC axis, 
whereas the small amorphous regions between the NLCs allow for interaction 
between the adjacent HPF molecules. For the high HPF concentration of 1 mgL‐1, 
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the protein‐protein interactions outweigh the topographical factor, and the 
network anisotropy disappears. The close‐up in Fig. 17a shows that the “eyelet” 
network structure is still present, although with significantly smaller voids.  
On the SC iPB‐1 surface with LCs, the structures of isolated proteins and the overall 
HPF assembly are drastically different, displayed in Fig. 19. At ultra‐low HPF 
concentration of 0.0001 mgL‐1 (Fig. 19a and b), a few HPF individual molecules 
with globular shapes can be seen on the surface. This globular structure indicates 
strong protein‐surface interactions and feeble “end‐to‐end” protein‐protein 
interactions. Whereas, the “end‐to‐end” interactions are characteristic for HPF 
molecules on the MD iPB‐1 surface at the concentration of 0.001 mgL‐1 
(Fig. 19c and d). Thus, the dominant HPF‐LC interactions can be explained by the 
low aspect ratio of the LC, ~1, which is contrary to the NLCs, may act as interaction 
barrier.     
Apart from the aspect ratio, the surface curvature, K, is another important 
topographical features, distinguishing the MD and SC iPB‐1 surfaces. The curvature 
in this work is defined as the geodesic curvature, whose curve is projected onto the 
tangent plane of nanocrystals. In comparison to NLCs on MD iPB‐1 (tubular 
diameter of 22 nm, K=0.09 nm‐1), the LCs on SC iPB‐1 exhibit a diameter of 50 nm, 
displaying a twice smaller surface curvature (K=0.04 nm‐1). Theoretical studies on 
HPF adsorption onto tubular structures, such as carbon nanofibers, with different 
curvature (width), have shown that protein adsorption increases with a decrease 
in the local curvature. [290] Another study, investigating HPF and human serum 
albumin (HSA) adsorption, suggested that the surface curvature modified the 
protein conformation upon binding. [180] That is to say, the surfaces with low 
surface curvature, such as particles with a diameter above 30 nm, facilitated the 
“end‐on” conformation (section 4.1.2) of HPF on surfaces.  
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Figure 19. HPF assembly on SC iPB-1. AFM height and phase images (1 μm1 μm) of HPF 
adsorbed on SC iPB‐1 surface from PBS solution with different HPF concentrations: 
(a) 0.0001; (b) 0.001; and (c) 1 mgL‐1, respectively. The arrows indicate the drawing 
direction. Magnifications of typical regions in the phase images are shown on the right side 
of AFM images. The sketches of network structures of HPF molecules are shown under 
corresponding magnified AFM images. The sketches of HPF structures are shown on 
corresponding magnified AFM images. The HPF molecules are sketched by the small 
dashed white circles in the middle (E‐domain) and the two big dashed white circles at the 
ends (D‐domains) and white linker lines (coiled‐coil regions).  
 
The above studies suggest that HPF upon adsorption on LCs will not assemble into 
ordered network structures but instead will create a densely packed layer. The 
assumed high surface coverage is indeed well visible in Fig. 19e and f (1 mgL‐1), 
where the underlying LCs structure is no more apparent. Based on these AFM 
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observations, it can be concluded that the LCs having a lateral size comparable to 
the HPF major axis, may promote “end‐on” protein assembly.  
 
Figure 20. HPF assembly on MD HDPE. AFM height and phase images (1 μm1 μm) of 
HPF adsorbed on MD HDPE from PBS solution with different HPF concentrations: 
(a,b) 0.0001; (c,d) 0.001; and (e,f) 1 mgL‐1, respectively. The arrows indicate the drawing 
directions. Magnifications of typical regions in the phase images are shown on the right side 
of AFM images. The sketches of HPF structures are shown on corresponding magnified AFM 
images. The HPF molecules are sketched by the small dashed white circles in the middle 
(E‐domain) and the two big dashed white circles at the ends (D‐domains) and white linker 
lines (coiled‐coil regions).  
 
Like MD iPB‐1, MD HDPE was also considered as a model surface for protein 
adsorption behavior study. This is owing to its highly‐oriented and well‐defined 
nanostructures. Slightly different surface chemistry between nanostructured iPB‐1 
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film surfaces and MD HDPE make the comparisons more difficult from a purely 
topographical point of view.  
At an HPF concentration of 0.0001 mgL‐1 (Fig. 20a and b), HPF molecules can be 
seen on the MD HDPE surface. The underlying surface morphology is still visible. 
Similar to HPF molecules on MD iPB‐1 and SC iPB‐1, single HPF prefers to align 
along with the kebab crystals in the case of MD HDPE. At a concentration of 
0.001 mgL‐1 (Fig. 20c and d), the surface is covered by HPF molecules, between 
which the connections are not visible. This indicates that the HPF molecules do not 
form networks, which is distinct from that on MD iPB‐1 (uniform ring‐like networks) 
and SC iPB‐1 (star‐like connections). At a concentration of 1 mgL‐1 (Fig. 20e and f), 
a dense HPF layer can be discerned on the surface. Notably, the HPF molecules form 
a layer on the kebab crystals. Comparing to the original surface structure, the 
nanotopography of the underlying shish is still visible. 
5.1.3 HPF adsorption kinetics on nanostructured surfaces  
Aiming at elucidating how the nanostructured surfaces modulate protein‐surface 
interaction, the adsorption kinetics of HPF on nanostructured iPB‐1 films were 
investigated using QCM‐D. For this, the MD and SC iPB‐1 films were directly 
attached to gold QCM electrodes (see Experimental Section 5.2.3). The HPF 
adsorption kinetics on MD HDPE thin films could not be performed, as the MD HDPE 
film could not be firmly attached to the QCM chip.  
The changes of the resonance frequency (Δf) upon adsorption of HPF on MD and 
SC iPB‐1 surfaces were displayed in Fig. 21a. For all concentration levels, the 
addition of HPF led to a decrease in the Δf over time, which reflects the increase in 
adsorbed protein mass on the surfaces. Thus, the appearance of a significant 
difference in Δf between MD and SC iPB‐1 is attributed to a different amount of 
adsorbed proteins. As the HPF molecules fill the surface, the adsorption process 
slows down, reaching the adsorption saturation (plateau). The time needed to reach 
surface saturation depended mainly on protein concentration, and it occurred 
between 40 min and 2 h.  
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Figure 21. HPF adsorption kinetics on MD and SC iPB-1 thin films. (a) Typical Δf upon 
adsorption of HPF on MD iPB‐1 (black square and line) and SC iPB‐1 (red sphere and line) 
surfaces at the concentration of 1, 10, and 100 mgL‐1. (b) The ΔD upon adsorption of HPF 
on MD and SC iPB‐1 at various concentrations after two hours’ adsorption time. (c) The 
average adsorbed mass of HPF on MD and SC iPB‐1 surfaces at multiple concentrations. 
 
Notably, at a concentration of 1 mgL‐1, HPF adsorbed slowly on both films and 
reached no saturation within the measurement time. Interestingly, Δf for HPF on 
MD iPB‐1 reached a plateau value (10 and 100 mgL‐1) and stayed constant after 
approximately 50 min of exposure to the protein solution. Conversely, on SC iPB‐1, 
HPF seems to adsorb more than that on MD iPB‐1, which appears in a late stage 
small linear decrease of Δf (see data for 100 mgL‐1). As is well known that, the HPF 
layer formation is mainly determined by the hydrophobic and electrostatic 
interactions. Since there is neither a difference in hydrophobicity (difference in the 
measured water contact angle below 3%) nor in surface chemistry (XPS spectra 
revealed no measurable changes), the increase in adsorption amount can be 
attributed to the distinct iPB‐1 surface nanotopographies. 
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According to the observations, the Δf values being higher for SC iPB‐1, it is proposed 
that (i) the surface diffusion of the molecules allows the rearrangement of the 
randomly adsorbed proteins into a more tightly packed layer, [189] (ii) the 
hydration of the layer increases, or (iii) a multilayer forms. The latter explanation 
can be validated by comparing the experimental mass with the theoretical mass of 
the protein monolayer. The mass of the adsorbed proteins can be obtained by 
converting the observed frequency shift to a mass uptake by the Sauerbrey equation 
(see section 5.2), while the validity of the latter depends on whether the adsorbed 
layer can be considered rigidly coupled to the iPB‐1 modified QCM electrode 
(viscoelastic adsorbed layer will dampen the crystal’s oscillation).  
To distinguish the nature of the adsorbed layer from viscoelastic or rigid adsorbed 
protein layers, the ΔD profiles (Fig. 21b) are utilized to calculate the ΔD/(−Δf/n) 
dimensional ratio and compared to the 4×10‐7 Hz‐1 threshold suggested by 
Reviakine [274]. For both nanostructured films, the dimensional ratio falls in the 
range of (3.2−7.6)×10‐9 Hz‐1. Thus, the HPF layer can be considered to be rigidly 
coupled on the surface, and the Sauerbrey model is deemed to be valid for the 
samples under investigation.  
The calculated mass uptakes, Δm, of HPF molecules on MD and SC iPB‐1 as a 
function of concentration are shown in Fig. 21c. For the lowest HPF concentration, 
the absorbed mass is close to zero. While an increase of Δm from 200 to 
1300 ngcm‐2 is observed for the protein concentration in the range of 
0.1‐100 mgL‐1. On different surfaces, the adsorbed mass varies substantially. The 
overall adsorbed mass on the SC iPB‐1 is higher, compared to that on MD iPB‐1. The 
Δm difference between MD and SC iPB‐1 varies between 12% and 25% for 10 and 
100 mgL‐1, respectively. It is worth to note that the influence of a possible variation 
in film thickness on the adsorption of protein is negligible. [291] The combination 
of the results from QCM‐D and AFM jointly indicate that the lateral dimensions of 
the iPB‐1 nanostructures (nanocrystals) affect the adsorption behavior and 
arrangement of HPF molecules.  
 
Table 2. QCM-D data analysis. Comparison between the experimentally determined mass 
of iPB‐1 absorbed HPF and theoretical protein surface coverage based on assumed HPF 
orientation and size (47.5 nm [3]).  
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To gain better understandings on the effect of the nanotopographies on HPF 
orientation, the experimental Δm was compared to the theoretical mass of the HPF 
monolayer. This theoretical mass is calculated by the RSA model and can distinguish 
HPF layer formation from mono‐ and multi‐layer. [275, 276] The experimental 
mass and the theoretical values are summarized in Table 2. As was explained in the 
section 4.1.2, the orientation of HPF molecule on the surface can be classified into 
“side‐on” and “end‐on” orientations, depending on the arrangements of HPF major 
axis parallel or perpendicular to the surface. [292] Obviously, a higher protein area 
density in an adsorbed monolayer is possible with “end‐on” orientation. As 
described by the RSA model, monolayer area densities with the “side‐on” and 
“end‐on” orientations are ranging from 210 to 1570 ngcm‐2. [1, 275, 276] Based on 
the theory of Roach et al., [6] the “end‐on” orientation of HPF molecules after the 
initial adsorption stage would favor the adsorption of additional molecules because 
of increased hydrophobic interaction between HPF molecules aligned parallel to 
each other. In this work, the experimentally determined masses of adsorbed 
proteins on iPB‐1 nanostructures at the HPF concentrations up to 100 mgL‐1 are 
within this range (see Table 2).  
On the MD iPB‐1 surface, Δm for the protein concentration of 100 mg/L indicates 
that the adsorbed proteins preferred the “end‐on” packing configuration. One 
should keep in mind that the mass value obtained via the measured frequency shift 
of the QCM also includes water in the protein adlayer, coupled via direct hydration 
iPB-1 film 
 
Mass change 
Δm (ngcm-²) 
Random 
sequential 
adsorption  
RSA (ngcm-2) 
“side-on” [1] 
RSA  
(ngcm-2) 
“end-on” 
[1] 
Ratio of dissipation 
change and frequency 
change 
ΔD/Δf 
(10-9  cm2ng-1) 
MD iPB-1 
_________ 
1009 ± 30 
__________ 
 
210 
 
1570 
3.63 
_________                          _ 
SC iPB-1 1250 ± 28 3.05 
* The results refer to samples with the HPF buffer concentration of 100 mgL-1.  
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or water entrapped in cavities formed between and near the adsorbed 
proteins. [293, 294]  
The information about the water content can be extracted from ΔD/Δf, measured at 
saturation. [286] As shown in Table 2, the ratios demonstrate that notably more 
water is entrapped in the HPF layer on MD iPB‐1 than that on SC iPB‐1. 
Consequently, these findings reveal different assembly behaviors of HPF molecules, 
in which HPF molecules undergo distinct packing configurations upon interactions 
with nanotopographies. This effect is consistent with the one concluded from the 
AFM results. The overall observations provide more detailed information about 
how the studied nanostructures influence protein‐surface interaction. Meanwhile, 
based on these results, the adsorption behavior of isolated HPF molecules, as well 
as assembly characteristic of several HPF molecules should be visible. 
5.1.4 Conclusion  
This section demonstrates that lateral variations in the nanoscale surface 
topography are essential contributors to dictate the protein conformation, 
orientation, and assembly structure. It was also shown that the effect of surface 
periodicity is compounded by variations in crystal lamellae aspect ratio and surface 
curvature. The surface topographies of MD and SC iPB‐1 predominantly affected not 
only the adsorption amount but also the ensemble morphology of HPF assemblies. 
At the same HPF concentration, lower HPF molecule concentrations were needed 
to form a dense layer on the MD iPB‐1 and, thus, resulting in decreased adsorption 
amount compared to the SC iPB‐1 surface. Different from both iPB‐1 surfaces, HPF 
formed a dense layer with no clear “eyelet” networks on MD HDPE. Overall, these 
findings support the first hypothesis, i.e., the physical factors, the width and 
curvature of polymer crystals on the nanostructured polymer surfaces, influence 
the HPF conformation change, ordered layer formation, and adsorption dynamics.  
These findings indicate that the adsorption and assembly behaviors of the HPF 
depend significantly on the nanostructures. Meanwhile, the nanocrystal dimension 
is the relevant topographical parameter that modulates the adsorption processes. 
These observations enrich our knowledge of the role of the nanocrystal dimensions 
as a trending feature to design the biomaterial surfaces. Besides, the recognized 
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connections between the physical factors and protein adsorption may further direct 
the mediation of cellular behaviors via surface‐induced protein assembly.   
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5.2 Anisotropic HPF Diffusion on Nanostructured Polymers 
In the previous section, the HPF assemblies on nanostructured surfaces were 
observed directly under static conditions via AFM. The lack of direct observation of 
HPF assembly, as well as anisotropic HPF network formation on MD iPB‐1, led us to 
hypothesize that the diffusion of single HPF molecules may facilitate the ordered 
protein layer formation on MD iPB‐1. To test this hypothesis, the adsorption and 
diffusion dynamics of individual HPF molecules on nanostructured MD iPB‐1 were 
investigated by AFM and MAPT. Permanently, MAPT was applied to obtain dynamic 
in‐situ information about mean residence time, diffusion coefficient, and diffusion 
polarization of single HPF molecules on the iPB‐1 NLCs surface. Additionally, the 
protein dynamics on MD iPB‐1 were compared to HPF dynamic on MD HDPE.  
5.2.1 Single HPF on nanostructured isotactic polybutene-1 (iPB-1)  
The iPB‐1 films were exposed to ultra‐low (10‐10 mgL‐1) and highly concentrated 
(1 mgL‐1) aqueous solutions of HPF molecules. The latter was chosen as a 
concentration at which HPF molecules are known to assemble into a compact 
protein layer (see section 6.1). The AFM phase images show time‐dependent 
adsorption behavior of HPF molecules (Fig. 22).  
The individual HPF molecules adsorbed on the nanostructured iPB‐1 surface can be 
seen for the ultra‐low HPF concentration, as shown in Fig. 22. After 2 minutes of 
adsorption, only a few HPF molecules with a trinodular conformation can be 
identified on the MD iPB‐1 (Fig. 22a and b). After 10 minutes, multiple individual 
HPF molecules can be seen with the typical trinodular conformation on the 
MD iPB‐1 (Fig. 22c and d). After 30 minutes of adsorption, in general, most of the 
three HPF domains (two D‐domains and one E‐domain in the middle) adsorb on the 
ridges of the NLCs (Fig. 22e and f). It can be assumed that the HPF molecules align 
along the NLCs, where three domains are in one straight line along the drawing 
direction for the ultra‐low concentration case (10‐10 mgL‐1). The increasing amount 
of HPF molecules adsorbed parallel to the NLCs over time shows that the underlying 
nanostructure and adsorption time contribute to the single HPF molecules 
alignment on the NLCs. Alignment of single HPF molecules on nanostructured 
surfaces was also observed on MD UHMWPE and PS‐b‐PMMA block copolymers, 
presumably due to topographical and chemical confinement, respectively. [116, 
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188] This controlled protein adsorption on nanostructured polymer surfaces can 
be described in detail in the review of Firkowska‐Boden et al. [9]  
 
Figure 22. Single HPF observation on MD iPB-1. AFM height and phase images show HPF 
adsorption behavior on the MD iPB‐1 after different adsorption times at an HPF 
concentration of 10‐10 mgL‐1, after (a,b) 2 min; (c,d) 10 min; and (e,f) 30 min, respectively. 
White arrows indicate the drawing direction. Magnified regions with characteristic 
features are shown below each large image. To the right of each magnified image, a model 
of adsorbed HPF is depicted. 
 
Although the information from AFM provides direct evidence of HPF preferential 
adsorption on the crystalline parts of the MD iPB‐1 film, namely on the NLCs, this 
static observation alone does not allow us to probe the adsorption and diffusion 
mechanism of this confinement on single HPF molecules. The inclusion of MAPT 
into the dynamic analysis is therefore critical to obtain a fundamental 
understanding of HPF molecules‐NLC interactions and HPF layer formation.    
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5.2.2 Elongated structures of HPF trajectories  
MAPT occupancy maps of single HPF molecules on MD iPB‐1 at protein 
concentrations of 10‐10 and 1 mgL‐1 are shown in Fig. 23. As described in the 
Experimental section 5.2.4, these maps were calculated by accumulating 
observations of at least 105 molecular trajectories and assigning observations to 
specific spatial locations (i.e., bins). The individual molecular trajectories were 
subjected to further analysis, whereby the mean residence time, diffusion, and 
polarization coefficients were calculated by computational analysis of these 
trajectories.  
The overall occupancy maps for the two concentrations were shown in Fig. 23a and 
c. The zoomed maps (Fig. 23b and d) show representative surface occupancy maps 
(i.e., the density of observed HPF locations per area, time, and the bulk 
concentration of labeled HPF) on the MD iPB‐1 exposed to 10‐10 and 1 mgL‐1 HPF, 
respectively. The occupancy maps reveal specific high‐occupancy areas (red color), 
which may result from one protein residing in the same area for significant time 
intervals or many HPF passing through that area (rear case).  
The high‐occupancy areas of MD iPB‐1 at ultralow protein concentration represent 
a mix of compact features with a roughly circular shape and elongated structures. 
The latter are 2‐3 μm in length and 100‐250 nm in width and segmented into 
smaller regions along their length, as shown on the close‐up in Fig. 23b (right 
image). These elongated structures suggest that the HPF molecules diffuse to 
relatively large distances on the NLC surfaces. Interestingly, the orientation of the 
elongated structures is perpendicular to the drawing direction of the film 
(i.e., perpendicular to the major axis of the NLCs), which points toward a 
preferential mobility direction of the HPF molecules. Similar elongated structures 
were observed by Kastantin et al. [207] on MD HDPE. These structures, in contrast 
with the structures recorded on MD iPB‐1, were elongated parallel to the drawing 
direction of the MD HDPE film surfaces. Another striking difference between 
occupancy maps of MD iPB‐1 and MD HDPE films is that high HPF concentration 
(10 mgL‐1) is required for the appearance of the elongated structures on MD HDPE 
surfaces.  
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Figure 23. MAPT occupancy maps on MD iPB-1. Occupancy maps of MD iPB‐1 surfaces 
exposed to (a) 10‐10 mgL‐1 and (c) 1 mgL‐1 HPF concentration. White arrows indicate the 
alignment direction of the NLCs long axis. The representative images at each concentration 
are shown in the right penal (b,d). The red color corresponds to a high number of steps 
when HPF molecules diffuse. The concentration of labeled HPF molecules is the same, 
10‐10 mgL‐1, in (a,b) and (c,d).  
 
From previous AFM characterizations of HPF adsorption onto MD UHMWPE, it is 
known that at this concentration, the HPF molecules form an ordered layer where 
HPF is confined in a single row on the crystalline lamellae. [116] Thus, it has been 
suggested that elongated structures of high‐occupancy areas originate from an 
ordered protein layer formation. Here, the lack of HPF layer formation (Fig. 22a) for 
an ultralow protein concentration indicates that the pronounced HPF confinement 
and distinctive protein diffusion seem to be the dominant contributors to the 
elongated structures. The HPF diffusion on MD iPB‐1 will be discussed further 
below in the section on direction‐dependent diffusion. 
A MAPT image of the MD iPB‐1 film exposed to a high concentration of unlabeled 
HPF is shown in Fig. 23c and d. The concentration of labeled HPF is the same as in 
the ultra‐low concentration experiments. Again, high occupancy areas are identified 
as isotropic features with the roughly circular shape, which are distinct from the 
anisotropic features (elongated trajectories) at ultra‐low concentration. A possible 
explanation for the observation is: on the MD iPB‐1 surfaces at 1 mgL‐1, HPF formed 
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a compact layer which hindered diffusion of single HPF molecules. This could be 
confirmed by the AFM study in section 5.1.1. At a high HPF concentration, i.e., 
1 mgL‐1, protein molecules assembled into an ordered network. The diffusion of the 
HPF molecules within the protein layer was restricted due to enhanced 
protein‐protein interactions. Similar isotropic features of HPF molecules have also 
been observed on MD HDPE surfaces at a high concentration of 10 mgL‐1. [116] 
5.2.3 Mean residence time of HPF  
To quantify the time of one HPF molecule residing on the surface, the images of 
residence times were performed and further processed into mean residence times. 
Figure 24a and c show the representative images of high and low occupancy areas, 
respectively. At the ultra‐low concentration of 10‐10 mgL‐1, in low occupancy area, 
images of residence times are multi‐colored circular trajectories, representing a 
brief stay of HPF molecules on the surface. In the high occupancy area, the residence 
times of HPF molecules features mostly red‐colored elongated trajectories, 
indicating that HPF molecules adsorb and desorb many times (hopping), and also 
diffuse in a long distance for a long time. [207]  
The measured mean residence times are different for both concentrations. At 
ultra‐low concentration, the mean residence time of trajectories in the low 
occupancy area was 0.3±0.1 s. Similar mean residence times were observed for HPF 
on MD HDPE, bare fused silica, poly (ethylene glycol) and trimethylsilane 
surfaces. [207, 279] In contrast, most of the labeled HPF molecules reside on the 
surface for nearly 6.0±2.2 s in the high occupancy area, more than an order of 
magnitude longer than that in the low occupancy area. The longest residence time 
observed was 256.4 s in high occupancy areas. This mean residence time is also 
higher than that in the low occupancy area for HPF molecules on MD HDPE at 5×10‐4 
and 10 mgL‐1 (mean residence time 1.1±5 s and 1.4±5 s, respectively). [207] The 
confinement of NLCs to HPF molecules plays an imperative role in higher mean 
residence time on MD iPB‐1 surface. At ultra‐low concentration, the protein‐surface 
interaction is the major effect in the long residence time on the MD iPB‐1 surface. 
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Figure 24. Residence time on MD iPB-1. Maps of (a) high and (c) low occupancy areas. 
(b) and (d) are the corresponding residence time values for high and low occupancy areas 
at the concentration of 10‐10 mgL‐1, respectively. 
 
At high concentration, the mean residence time in the low occupancy area was 
0.2±0.1 s. While the mean residence time in the high occupancy area was 6.4±3.0 s. 
The longest residence time observed was 230.9 s, equal to that at the ultra‐low 
concentration in the high occupancy area. The long mean residence time of single 
HPF molecules on the MD iPB‐1 surface could be attributed to protein‐protein 
interactions, i.e., the non‐covalent linkages (D‐E contact and αC domain) and 
formation of an HPF layer. 
5.2.4 Anisotropic diffusion of HPF  
The diffusion polarization and coefficients are extracted from the trajectory maps 
to describe the diffusion direction of the HPF molecules. The individual diffusive 
motions of the labeled HPF molecules were separated into parallel (D∥) and vertical 
motions (D⊥) about the MD iPB‐1 film drawing direction. The diffusion polarization 
(P) was calculated as P=(D∥‐D⊥)/(D∥+D⊥). Thus, a positive (or negative) value of P 
79 
 
represented preferential diffusion parallel (or perpendicular) to the NLC major axis. 
The two‐dimensional diffusion coefficient (D) was calculated as DMAPT=(D∥+D⊥)/2 
on the whole trajectories. [207]  
The D and P values are shown in Fig. 25, which are calculated by D∥ and D. The 
directionality of HPF diffusion was indicated by the P value, which was in the range 
of ‐1 to 1. High positive P values reflect the fast diffusion of HPF molecules along the 
NLC major axis (drawing direction). [207] Interestingly, the measured P values 
were negative, indicating that HPF molecules diffused faster perpendicular to the 
drawing direction. The P value at the ultra‐low HPF concentration (‐0.219±0.09) 
was higher than that at higher concentration (‐0.067±0.04). This was due to i) the 
rapid perpendicular diffusion of HPF molecules perpendicular to the drawing 
direction; and ii) the relatively low DMAPT value of HPF molecules at high 
concentration. Thus, for ultra‐low concentrations, the nanostructure of MD iPB‐1 
influenced the HPF diffusion. Interestingly, the HPF diffusion on MD iPB‐1 is distinct 
from that on MD HDPE. [207] At ultra‐low concentration, the P values of HPF 
molecules approached zero. Therefore, the authors stated that nanostructured 
HDPE alone has a minor effect on the HPF diffusion direction, and the ordered layer 
formation is the major determinant in diffusive motion. [207] The results presented 
here strongly indicate that the nanostructured MD iPB‐1 surface has a notable 
influence on HPF diffusion direction at an ultra‐low concentration (single HPF level) 
indeed.  
The coefficient DMAPT is informative to provide the direction‐independent diffusion 
behavior of single HPF molecules on MD iPB‐1 thin films. The DMAPT value at 
ultra‐low concentrations (0.074±0.020 µm2s‐1) was significantly higher than that 
at high concentration (0.028±0.025 µm2s‐1), indicating that HPF molecules diffused 
faster when there were more space and fewer protein‐protein interactions. The 
values at the ultra‐low concentration are smaller than that on MD HDPE at 
5×10‐4 mgL‐1 by a factor of 1.5, which could be attributed to the higher attraction 
of NLCs to HPF molecules. In contrast, the D values at the high concentration were 
similar to those on MD HDPE at 10 mgL‐1, suggesting HPF layer formation. [207]  
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Figure 25. Diffusion coefficients and polarizations of HPF on MD iPB-1. DMAPT and P of 
HPF molecules at 10‐10 and 1 mgL‐1. The diffusion coefficients indicate the 
direction‐independent HPF diffusion. Whereas, the diffusion polarizations display the 
anisotropic diffusion of HPF on the polymer surface.  
 
It was assumed that subtle variations in chemical and topographical properties 
between MD iPB‐1 and MD HDPE could lead to different HPF adsorption and 
diffusion behaviors. Chemically, the weak inductive effect of ethyl groups to iPB‐1 
chains, which results from the ethyl group on the central carbon backbone, leads to 
a slightly electropositive surface. [18] HPF molecules exhibit a negative net charge 
under physiological conditions [284], which will be selectively attracted on the 
iPB‐1 surfaces. This can be used to explain the high amount of HPF assembly on the 
MD iPB‐1 surface at the ultra‐low concentration of 10‐10 mgL‐1. The topographical 
effect of the two surfaces will take over the slight chemical difference and become 
the main influencing factor for HPF diffusion direction.  
The topographical property mainly reflects on two aspects: surface friction 
property and topographical confinement. To explore the possibilities of the 
connections between surface frictional behavior and single HPF diffusion behavior, 
both the MD iPB‐1 and MD HDPE surfaces were measured against SiO2 colloidal 
probe using AFM under series of loads, 10‐50 nN. The friction force on MD iPB‐1 in 
0° (the drawing direction), 45° (45° to the drawing direction), and 
90° (perpendicular to the drawing direction) under 10 nN loads were 1.10±0.05, 
1.31±0.22, and 1.75±0.26 with arbitrary units, respectively. The lateral force 
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directions are shown in Fig. 26. The friction force on MD HDPE at 0°, 45°, and 90° 
directions were 0.77±0.09, 1.08±0.05, and 1.33±0.23 with arbitrary units, 
respectively. This arbitrary unit came from the unknown torsional spring constants.  
 
Figure 26. Surface diffusion directions on MD iPB-1 and MD HDPE. The illustration of 
HPF molecules diffusing on the (a) MD iPB‐1 and (b) MD HDPE surfaces. The cyan cylinders 
represent the (a) NLCs on the MD iPB‐1 and (b) SKCs on the MD HDPE surfaces. The black 
lines on the cylinders represent the chain direction in the crystals which are parallel to the 
drawing direction. The blue‐colored three spheres jointed in a line are illustrated as the 
single HPF molecule with its typical trinodular shape. The blue arrows represent the 
preferred diffusion direction of HPF molecules. The coordinates below the sketches show 
the lateral force directions, 0° (in the drawing direction) and 90° (perpendicular to the 
drawing direction) on both surfaces.  
  
On both surfaces, the friction forces increased linearly with the increasing loading 
forces, whose tendency was similar to that between various AFM probes and 
polymer surfaces. [295] The results show that friction forces on MD iPB‐1 are 
higher over the whole load range from 10 to 50 nN comparing to that on MD HDPE 
under dry conditions by a factor of around 1.2. It is interesting to notice that, the 
friction forces in 0° (the drawing direction) on both MD iPB‐1 and MD HDPE 
surfaces were always found the lowest compared to the other directions. 
To identify the connection between friction force and HPF diffusion direction, the 
low friction force directions to the HPF diffusion direction were compared on both 
surfaces. For MD iPB‐1, the preferred HPF diffusion direction is perpendicular to 
the drawing direction, which is the higher friction force direction. For MD HDPE, 
the preferred HPF diffusion direction is equal to the lower friction force direction. 
It can be concluded that the significant variations between the directions indicate 
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that the HPF molecular diffusion seems to be less influenced by the friction force. 
Therefore, the topographical confinement of the nanostructured surfaces to the 
HPF molecules will be taken into account as the significant factor for directionality 
of the HPF diffusion. 
The variation of friction (friction force measured at normal force FN=10 nN) 
concerning crystalline area orientation is finally compared to the HPF‐preferred 
diffusion directions for both surfaces (see Fig. 26). Interestingly, the preferred HPF 
diffusion direction on MD iPB‐1 surface corresponds to the direction with the 
highest friction. In contrast, the preferred HPF diffusion direction on MD HDPE is 
equal to the lowest friction direction. From the MAPT and AFM friction 
measurement results, it can be concluded that HPF nanoconfined in the crystalline 
regions of the nanostructured surfaces diffuses perpendicular to its major axis 
independent of the anisotropic friction characteristics of the surface.  
One proposed explanation for the preferential HPF diffusion perpendicular to its 
major axis is the conformational flexibility of the molecule in the coiled‐coil regions 
facilitated by the two hinges (Fig. 27). [296] According to molecular dynamic 
simulations of HPF, the existence of the two hinges provides high bending motions 
of the coiled‐coil regions without resulting in noticeable conformational changes to 
the rest of the molecule. [141] From this perspective, HPF molecules resemble the 
running mode of the Sansetsukon, an ancient Asian weapon, which consists of three 
wooden staffs connected with a flexible rope. With the observation of the preferred 
diffusion of HPF perpendicular to the major axis of the needle crystals (evident from 
Fig. 23) and considering the intramolecular flexibility structure of HPF molecules, 
an assumption can be deduced. Namely, the Sansetsukon‐like nanocrawling 
diffusion (partial detachment) perpendicular to the major axis of the 
topographically confined HPF molecules is supported by the bending motions at the 
hinges of the HPF molecule.  
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Figure 27. Sansetsukon-like nanocrawling. The schematic drawing of the HPF molecule 
with the marked hinge in the coiled‐coil regions, which are related with the bending 
twisting of the adsorbed HPF molecule, similar to sansetsukon. Dark and light grey 
drawings are the bent molecule after the original blue drawing of HPF molecule.   
 
Diffusion along the major axis of the crystals accompanying with the HPF motions 
by minor axis would require considerable stretching/contraction of the HPF 
molecules, which would lead to conformational changes of the entire molecule. This 
assumption is supported by recent studies of HPF adsorption on nanostructured 
diblock copolymer surfaces. [237, 297] Owing to the chemical heterogeneity of the 
polymeric blocks, negligible surface diffusion of HPF along the structure major axis 
and HPF minor axis was observed. Based on this unique direction‐dependent 
diffusion of HPF on MD iPB‐1 (Fig. 27), a flying diffusion mechanism and thus 
complete protein detachment can be ruled out from the elucidations. Meanwhile, it 
can be assumed that such diffusion mechanism would reduce the barrier to protein 
diffusion along the NLCs, resulting in isotropic diffusion. Also, a rolling diffusion 
mechanism, i.e., HPF molecule rolling along its minor axis toward the adjacent 
crystal surfaces would likely be sterically hindered by the βC and γC nodules in the 
D‐domains. [298] The applicability of nanostructured surfaces in creating 
functional biomaterials can be demonstrated by this anisotropic diffusion nature of 
HPF molecules observed on chemically alike yet topographically different 
polymeric surfaces. For instance, the unidirectional nanoconfinement of HPF and 
its anisotropic mobility may be practical for lowering friction and improving the 
wear resistance of polymeric joint implants. [299] 
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5.2.5 Conclusion  
In this section, direct insight into single protein dynamics using MAPT allowed to 
reveal the anisotropic diffusion of HPF on nanostructured MD iPB‐1 surfaces. 
Notably, this anisotropic diffusion was dominated by the confinement of NLCs and 
HPF layer formation on MD iPB‐1 surfaces. At ultra‐low concentration, the single 
HPF molecules preferably diffused along the minor axis of the NLCs, 
i.e., perpendicularly to the drawing direction. This indicates that MD iPB‐1 has a 
significant effect on the direction of HPF diffusion at ultra‐low HPF concentration. 
Similarly, the single HPF molecules prone to diffuse along the minor axis of SKCs on 
MD HDPE surface. This mechanism is based on the intrinsic flexibility of HPF in the 
coiled‐coil regions. These observations support the second hypothesis of this thesis, 
namely, the highly‐oriented nanostructures on the MD iPB‐1 surfaces mediate the 
alignment and anisotropic diffusion of a single HPF molecule. It can also be 
concluded that nanostructured surfaces that encourage this characteristic surface 
mobility are more likely to lead to the formation of ordered protein assemblies and 
may be useful for advanced biomaterials. Therefore, the further question lies in how 
the subsequent biological responses mediated by the nanostructures and the 
surface‐immobilized protein molecules are.   
Based on these results, it is believed that the nanostructured polymer surfaces, 
providing both nanoconfinement and highly‐oriented surface arrangement to 
protein molecules, are prone to result in ordered protein layers. These observations 
may function as a reference template for other nanostructured surfaces, including 
nonpolymeric materials. At the same time, the gained knowledge can inspire more 
work on protein‐mediated surface‐cell interactions, which have been long‐time 
neglected.  From a practical view, these understandings may contribute to the 
development of innovative biomaterials and biosensor fabrications.  
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5.3 Cell Adhesion on Nanostructured Polymers 
In the previous chapters, the nanostructures of iPB‐1 and HDPE were found to be 
able to mediate the HPF conformational changes. Therefore, it can be assumed that 
the influenced conformations of HPF may lead to various exposed binding sites and 
affect the subsequent platelet`s adhesion and activation. Based on this hypothesis, 
the cytotoxicity of the polymeric surfaces was first evaluated. Then the platelets 
adhesion behaviors on HPF‐adsorbed MD iPB‐1, SC iPB‐1, and MD HDPE thin films 
were investigated. Consequently, the morphologies of the platelets were 
characterized by SEM.  
5.3.1 Fibroblast cell viability on nanostructured surfaces 
The MTT assay, a colorimetric assay, is commonly used to evaluate the effects of 
different materials on cell viability. The MTT reagent, a 
3‐(4,5‐dimethylthiazol‐2‐yl)‐2, 5‐diphenyltetrazolium bromide salt, can be reduced 
by cellular oxidoreductase enzymes from tetrazolium dye to insoluble dark blue 
formazan, shown in Fig. 28a. Therefore, the concentration of formazan can reflect 
the existence of the living cells.  
Generally, the MTT assay of fibroblast cells gives a linear relationship between 
optical density (OD, 590 nm) of formazan and number of cells, shown in Fig. 28b. 
This direct relationship will be the standard curve for counting the cell numbers, 
which are cultured with samples. In this standard curve, the higher the OD value is, 
the more living cells present in the culture medium.  
The OD values of formazan, shown in Fig. 28c, demonstrate the viable cell numbers 
on MD and SC iPB‐1 films, which are pre‐adsorbed by HPF at the concentration of 0 
and 1 mgL‐1, respectively. All the OD values for the nanostructured iPB‐1 films are 
higher than that for the control sample (PS), indicating the good biocompatibilities 
of these films. Besides, the fibroblasts cultured on MD iPB‐1 films with and without 
HPF layers exhibit slightly lower cell viability than that on SC iPB‐1 films. This 
suggests that SC iPB‐1 films have a positive effect on fibroblast cell viability, 
compared to MD iPB‐1 films. It needs to be clarified that, as HDPE is a well‐known 
biomaterial, its excellent cell viability via MTT assay is confirmed and fully 
evaluated in other works. [300, 301]  
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Figure 28. MTT assay of fibroblasts on MD and SC iPB-1. a) The principle of MTT assay; 
b) standard curve of MTT assay; and c) optical density of different substrates, MD iPB‐1 and 
SC iPB‐1 with and without HPF pretreatment.  
 
5.3.2 Platelet morphologies on a smooth surface 
The anucleate platelets, which are generated from megakaryocytes in the bone 
marrow and with the function as major actors in coagulation, contain a number of 
surface receptors, adhesion molecules, and granules. Platelets keep in the 
inactivated (or "resting", R) state, retaining a plump, discoid shape, in the 
circulation system. [302] Upon activation through multiple pathways, the 
morphologies of the inactivated platelets are changed, and the granules in the 
platelet cells are released. [222] The HPF molecules bind to the GPIIb/IIIa receptors 
on the platelet cell membrane. In general, there are three distinct morphological 
groups, i) dendritic (D), ball‐shaped with filopods; ii) spread dendritic (SD), 
hemisphere‐shaped with filopods; and fully spread (FS), extensively spread. The 
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platelet cells in different activation status were investigated by SEM and shown in 
Fig. 29.  
 
Figure 29. Morphologies of attached platelets on PS. SEM images of the Dendritic "D", 
Spread Dendritic "SD", and Fully Spread "FS" activation stage on culture dish after (a) 5 and 
(b,c) 30 minutes.  
 
These observations illustrate the typical scenario of platelet morphological changes 
during adhesion on solid surfaces. The first activation stage is referred to D. When 
contacting with the material surface, the cytoskeleton of the ball‐shaped and 
inactivated platelet cells is everted, to increase the surface area of the cells. After 
that, the filopods form on the cell surfaces and adhere to the material surface. In the 
second stage of SD, the platelet cells gradually flatten to a hemispherical shape. The 
numerous stunted filopods are expressed and covered more area on the material 
surfaces. At the FS stage, the cells show widened cytoplasms and flattening. The 
more flatten the cells are, more firmly, the platelet cells adhere to the material 
surface. [303]  
5.3.3 Platelet surface coverage on nanostructured surfaces 
To understand the interactions between the platelets and surfaces, the LM images 
were firstly processed to obtain the surface coverage as an indicator for platelet 
adhesion. The surface coverages of the adhered platelets are summarized in Fig. 30. 
In each case, the occupied area percentages of all R, D, SD, and FS platelet cells are 
plotted over the adhesion time. The number counts of FS cells on the polymer thin 
films were difficult to be analyzed from the LM images due to the ultra‐low contrast 
between inner parts of FS cells and substrates.  
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Figure 30. Platelet surface coverages. Area percentages of platelets on MD iPB‐1, 
SC iPB‐1, and MD HDPE surfaces, as well as the HPF‐adsorbed surfaces (HPF concentration 
of 1 mgL‐1). The stars indicate a significant difference (P<0.05). 
 
On MD iPB‐1 surfaces, the area percentages of platelets keep constant at around 10% 
in one hour. This indicates that only a few platelets adhered to the surface and thus 
only a few of them were activated. Comparing the MD and SC iPB‐1 films, no 
significant difference between platelet surface coverages can be observed after 
5 minutes of adhesion time. Notably, significantly more surface areas of SC iPB‐1 
surfaces were covered by platelets as the adhesion time increases. In contrast, on 
the MD HDPE surfaces, the platelet cells occupied around one fourth the surface 
area in the initial 5 min. This indicates that more platelet cells adhered and 
activated on the MD HDPE surfaces at the beginning, compared to the MD and 
SC iPB‐1 surfaces.  
Moreover, there were no significant differences between the nanostructured 
surfaces and the surfaces pretreated with 1 mg/L HPF solutions. The question 
arises as to why adhesion and activation of platelet cells were not affected by the 
pretreatment of HPF on surfaces. This can be caused by the high amount of HPF 
molecules in the platelet concentrate (pool TK), which contained around 
0.26‐0.68 mgmL‐1 of HPF molecules. This HPF concentration in platelet concentrate 
was more than 300 times higher than that (1 mgL‐1) for the pre‐treatment on 
surfaces. As was measured by QCM‐D (Fig. 21a), the HPF adsorption saturated in 
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five minutes and formed a dense layer on polymer surfaces under the HPF 
concentration of 100 mgL‐1. Therefore, the ultra‐high concentration of HPF in 
platelet concentrate led to immediate saturation of HPF adsorption on polymer 
surfaces. And thus, the influence of the pre‐treated HPF molecules fell into a decline 
due to these dense HPF layers on all surfaces. For the samples treated with other 
fibrinogen solutions (0.01 or 0.1 mgL‐1), values were not shown. The trend was that 
there were no significant differences between the surfaces, which were pre‐treated 
by HPF solutions of different concentrations. Aiming at better elucidating the effects 
on platelet adhesion from the distinct underlying nanostructures, morphologies, 
and distributions of platelet cells on surfaces were systematically evaluated via SEM 
images. 
5.3.4 Platelet activation on nanostructured surfaces  
To acquire detailed information about the morphological changes of platelets on the 
surfaces, the dehydrated samples of MD iPB‐1 were explored with SEM, shown in 
Fig. 31a. The adhesion test images include representative exposures for each 
sample type after 5, 30, and 60 minutes of platelet adhesion. Based on the relatively 
low platelet adhesion, it can be assumed that on MD iPB‐1 films, the activation and 
thus the stimulation of new cells occurs only after a considerable delay. The number 
of platelets increases slightly from 5 to 30 minutes, while it keeps constant after 
that. Moreover, the morphology of the cells changes from R/D via D/SD to 
network‐like structures of SD cells at 60 minutes. Notably, no FS cells could be 
detected on MD iPB‐1 surfaces.  
To extract more information on morphological changes of platelet cells on surfaces, 
the surface coverage and cell numbers of the four cell types (data from SEM) are 
summarized in Fig. 31b and c. On MD iPB‐1, the R and D cells adhered from the 
beginning, and a few of them are activated into SD and FS cells. With the increased 
adhesion time, the MD iPB‐1 surfaces are gradually covered by the developed SD 
cells. After 60 min incubation, the total surface coverage is not more than 50% of 
the surface area. It needs to be pointed out that networks of SD platelets, sometimes 
small agglomerates, formed on the MD iPB‐1 surfaces (Fig. 31a) after 30 minutes’ 
platelet adhesion. SD platelet networks appear later (after 60 minutes) on MD iPB‐1 
surfaces.  
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Figure 31. Platelets adhesion on MD iPB-1. Representative SEM recordings for MD iPB‐1 
surfaces after 5, 30 and 60 minutes. (b) The number of platelets in millions per cm2 over 
the adhesion time on MD iPB‐1. (c) Surface coverage percentage of platelets on MD iPB‐1. 
R, D, SD, and FS indicate rest, dendritic, spread dendritic and fully spread. The stars indicate 
a significant difference (P<0.05).  
 
According to the size and shape of the platelets on MD iPB‐1 after 60 minutes, the 
cells could be incomplete activated granules and small aggregates of platelets. 
Taking into account the “side‐on” orientation of HPF molecules on MD iPB‐1, not 
only the primary binding sites, C terminus of γ chains, but also the supplementary 
binding sites, Aα sequences on D‐domains, are significantly reduced. This leads to 
an apparent inhibition of platelet adhesion and activation. However, the small 
platelet aggregates might be attributed to the locally high amount of binding sites 
on adsorbed HPF layers. On the one hand, the activation and morphology change of 
the platelets is associated with the activation of the platelets and the adhesion of 
other platelets. On the other hand, the platelet aggregations are one of the evolving 
risk factors to thrombosis. Therefore, this behavior would be doubtful and require 
a more in‐depth understanding.  
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Figure 32. Platelets adhesion on SC iPB-1.  Representative SEM recordings for SC iPB‐1 
surfaces in 5, 30 and 60 minutes. (b) The number of platelets in millions per cm2 over the 
adhesion time on SC iPB‐1. (c) Surface coverage percentage of platelets on SC iPB‐1. R, D, 
SD, and FS indicate rest, dendritic, spread dendritic and fully spread. The stars indicate a 
significant difference (P<0.05). 
 
On SC iPB‐1 films, the number of D and SD platelets increases slightly from 5 to 
30 minutes, shown in Fig. 32. However, this increase is somewhat stronger in 
30 minutes. Occasional FS cells can be observed in this film after 5 minutes. In the 
period of 30 to 60 minutes, the number of D and SD platelets nearly disappear, 
whereas the FS platelets increase significantly. This can be explained by the 
considerable number of D or SD platelets in the early stage.  
On the MD HDPE surfaces, D, SD, and FS cells present already in 5 min (Fig. 33), 
earlier than those on MD and SC iPB‐1. As the same trends in other films, the 
numbers of D and SD cells slightly decrease over time or remain constant, while FS 
cells increase. It is notable that, on this HPF‐immobilized surface, the number of FS 
cells does not increase significantly with adhesion time.  
The evolutions of platelet morphologies based on the previous observation are 
reflected in Fig. 33b and c. The development begins in each case with a small 
amount of R, D, or SD cells that are not yet activated. Distinct from MD and SC iPB‐1, 
several minutes later, most of the platelets are fully activated and form FS cells. 
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After fully spread, the early‐adhered granules of FS cells are already emptied and 
stimulate other platelets for adhesion. As the incubation time progresses, the 
surfaces are covered with more FS cells.  
 
Figure 33. Platelets adhesion on MD HDPE.  Representative SEM recordings for 
MD HDPE surfaces in 5, 30, and 60 minutes. (b) The number of platelets in millions per cm2 
over the adhesion time on MD HDPE. (c) Surface coverage percentage of platelets on 
MD HDPE. R, D, SD, and FS indicate rest, dendritic, spread dendritic and fully spread. The 
stars indicate a significant difference (P<0.05). 
 
In a comprehensive work by Koh et al., [226] the platelet adhesion were found 
increase with the width of PLGA nanopillars, attributing to the increased contact 
area with the tips of nanopillars. Whereas, in our work, increased platelet adhesion 
and activation on SC iPB‐1 might be induced by the distinct conformations of 
immobilized HPF molecules.  
To further understand the platelet adhesion behaviors on surfaces, platelet 
adhesion mechanism (Fig. 34) was proposed. The availability of binding sites on the 
HPF layer to platelet membrane integrin determines the adhesion and activation of 
platelet cells. These binding sites include both primary (γ12) and secondary (RGD) 
binding sites, located on γC and αC domains, respectively. As described in 
section 5.1, the different nanotopographies influenced not only the amount of 
proteins but also the protein conformations.  
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Figure 34. Sketches of platelets adhesion on HPF adsorbed surfaces. (a,b) Strong 
protein‐protein interaction inhibits the binding of platelet integrin. (c,d) Few 
protein‐protein interactions facilitate the binding of integrin. MD iPB‐1 and MD HDPE show 
NLCs and SKCs, respectively. The connected three blue balls indicate HPF molecules. The 
pink strings on HPF indicate the available binding sites to platelets. The paired green and 
red integrin display inactive and activated states of αIIbβ3.  
 
On MD iPB‐1, the “eyelet” network structures with “side‐on” HPF conformation on 
MD iPB‐1 surface occupied the primary binding sites. The reason is that the D‐D 
interactions are facilitated by the seven amino acid units in γC, named as 
γXL (QHHLGGA). The γXL partially overlaps with the amino acid sequences with 
primary binding sites, γ12 (HHLGGAKQAGDV). Only the secondary binding sites 
RGD are available to the platelet cells, and thus the platelet adhesion and activation 
processes are hindered. In contrast, the SC iPB‐1 surfaces are covered by SD and FS 
cells in a much higher speed than that on MD iPB‐1 surfaces. Till 60 min, their 
surfaces are fully covered by FS cells. On SC iPB‐1, HPF adsorbs in a more tightly 
packed with “end‐on” conformation than on MD iPB‐1. It is known that the amino 
acid sequences of the HPF gamma chains, i.e., γ392‐411, located on the D‐domains 
of HPF molecules, are the preferred platelet ligands. [304, 305] Therefore, it 
appears that both the primary and secondary binding sites within the HPF layer on 
SC iPB‐1 surfaces are more accessible to the platelets. Thus, the HPF molecules on 
SC iPB‐1 present favorable conformation and more binding sites to the platelets, 
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and as a result, promote the platelets adhesion and activation. Similar to the HPF 
layers on SC iPB‐1, the packed HPF molecules on MD HDPE presents lots of binding 
sites accessible to the platelets and thus result in a high number of adhered platelets.  
Furthermore, it remains to be clarified how comparable is the platelet adhesion 
performed here with that in the human body. According to the University Hospital 
Jena and guidelines of the transfusion law of the Federal Republic of Germany, the 
platelet concentrates used in this work contain at least 2×1011 platelets per 250 mL 
unit. 1 mL of this concentrate, i.e., 8×108 platelets, was added to each sample. This 
concentrate was relatively higher than that in 1 mL blood of an adult human, which 
contains 1.5 to 4.0×108 platelets. [306, 307] However, it should be noticed that 
significantly more blood per unit area comes into contact with the biomaterial after 
insertion of the implant, resulting in more platelets overall. Thus, the experimental 
conditions in this work are well comparable to the circumstances in the human 
body. 
5.3.5 Conclusion 
This section aimed to investigate how the subsequent biological responses are 
mediated by the nanostructures and the surface‐immobilized protein molecules. 
Results showed that the platelet adhesion was inhibited on MD iPB‐1, comparing to 
that on SC iPB‐1 and MD HDPE. From the topographical point of view, inhibited 
adhesion of platelets on MD iPB‐1 is mainly due to the uniform network formation 
of HPF molecules on the NLCs with small size and curvature. However, the HPF 
conformations, i.e., randomly‐distributed HPF on SC iPB‐1 and loosely‐packed HPF 
layer on MD HDPE, lead to more exposed binding sites and further result in higher 
numbers of the adhered and activated platelets. Direct observations of amount and 
morphology changes in activated platelet cells were able to confirm the hypothesis 
that the nanostructures alter the conformation, and thus bioactivities of the 
adsorbed HPF molecules, which affect the adhesion behavior and activation of 
platelets. Meanwhile, these findings reveal that the conformation of the 
surface‐immobilized proteins and the binding site available to the platelets can be 
controlled by the specific design of surface topography. These preliminary studies 
underscore the possibility that controlled HPF adsorption may serve to prevent the 
thrombosis of the implants or blood contact biomaterials. To make the observations 
more clear, table 3 is presented to illustrate the distinct protein adsorption 
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behaviors on nanostructured polymer surfaces and their influence on the following 
platelet adhesion and activation.  
Table 3 Platelet adhesion and activation influenced by HPF adsorbed surfaces. 
  
Polymers MD iPB-1 SC iPB-1 MD HDPE 
Patterns NLCs 
(width 22 ± 8 nm) 
LCs 
(width 50 ± 11 nm) 
SKCs 
(width 13 ± 2 nm) 
Contact 
angle 
103.04±3.16° 106.2±1.96° 99.4±1.25° 
HPF 
Adsorption 
“Eyelet” network 
structures; 
Side‐on 
conformation; 
Anisotropic 
orientation; 
Single HPF diffusion 
along the short axis 
of NLCs. 
HPF did not form 
networks; 
More end‐on 
conformation; 
Loosely packed HPF 
layer. 
Densely packed HPF 
layer; 
More end‐on 
conformation; 
Loosely packed HPF 
layer; 
Single HPF diffusion 
along the short axis of 
SKCs. 
Binding 
sites 
Secondary Primary and secondary Primary and secondary 
Platelet 
adhesion 
Slow activation of 
platelets; 
Low adhesion 
number of 
platelets； 
Small surface 
coverage. 
Slow activation of 
platelets; 
High adhesion number 
of platelets; 
Large surface coverage 
after one hour. 
Fast activation of 
platelets; 
High adhesion number of 
platelets; 
Large surface coverage 
after 30 min. 
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6  
Summary  
 
Human plasma fibrinogen (HPF) network formation is the critical factor to initiate 
blood clotting or coagulation, which can be either life‐saving or life‐risking, 
encountered by artificial implant surfaces. Studies showed that the biocompatibility 
for a blood‐contacting material could be mediated by surface nanostructures. 
Therefore, to control HPF adsorption and network formation on polymeric surfaces 
with precisely‐defined and easily‐processed nanostructures is of vital importance 
in biomedical and tissue engineering fields. In this work, the nanostructures on 
polymers, i.e., isotactic polybutene‐1 (iPB‐1) and high‐density polyethylene (HDPE), 
were demonstrated to be able to guide the adsorption of HPF and the subsequent 
platelet adhesion. 
The melt‐drawn isotactic polybutene‐1 (MD iPB‐1) surface featured close‐packed 
longitudinal needle‐like crystals, NLCs, which exhibited a lateral dimension lower 
than the length of the HPF molecules. This unique nanostructure supported the HPF 
into uniform protein layer with “side‐on” conformation, in which the major axis of 
HPF was parallel to the surface plane. Interestingly, a preferential alignment of HPF 
molecules concerning the axial direction of the NLCs and high anisotropy of the HPF 
network assembly were observed and investigated with an orientation analysis on 
both “single” and multiprotein (“eyelets”) level.  
Aiming at elucidating the relationships between the anisotropic “eyelet” network 
formation and HPF diffusion on MD iPB‐1 surface, the adsorption dynamics of 
single HPF molecules were tracked and recorded with mapping using accumulated 
probe trajectories (MAPT) technique. The captured trajectories revealed the 
anisotropic diffusion of HPF on MD iPB‐1. This was ascribed to the confinement of 
individual HPF molecules on the crystalline regions. Furthermore, HPF diffusion 
was found independent of the anisotropic friction characteristic of the surface. This 
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suggested that HPF molecules confined on the nanosized iPB‐1 NLCs undergoes 
partial detachment and diffuse via a Sansetsukon‐like nanocrawling mechanism. 
Also, the preferential HPF diffusion direction perpendicular to its major axis was 
explained by high conformational flexibility of the HPF in the coiled‐coil regions 
favored by the presence of two hinges. Based on these results, it is believed that 
nanostructured surfaces that support nanoconfinement and anisotropic protein 
diffusion are more likely to lead to the formation of ordered protein assemblies.  
On the spin‐coated isotactic polybutene‐1 (SC iPB‐1) surface, lamellar crystals (LCs) 
presented and expressed a lateral size comparable to the length of HPF molecules. 
Randomly packed monolayer assembly was observed on SC iPB‐1. Combing with 
the QCM‐D data, the information pointed out that HPF adsorbed with an “end‐on” 
conformation on SC iPB‐1 surface, in which the major axis of HPF lay perpendicular 
to the surface plane. Contrary to the NLCs, which modulated the affinity of HPF 
molecules for protein‐protein and protein‐surface interactions in a balanced 
manner, the nanostructure LCs on SC iPB‐1 blocked the “end‐to‐end” 
protein‐protein interaction and thus hindered the uniform layer formation.  
Different from MD and SC iPB‐1, the MD HDPE surface presented shish‐kebab 
crystals (SKCs) with kebab crystals overgrowth along with the extended shish 
crystals. The size of the kebab crystals was comparable to the dimension of HPF 
molecules. This distinct nanostructures on MD HDPE led to packed HPF layer 
without visible “eyelet” networks.   
The biofunctionality of the surface‐immobilized HPF molecules was tested via 
platelets adhesion on the HPF‐adsorbed nanostructured surfaces. Distinct adhesion 
behaviors of platelets were detected via platelet morphological changes on 
HPF‐immobilized surfaces. It was observed that the platelet number and surface 
coverage were reduced on MD iPB‐1, which was immobilized with uniform HPF 
networks, comparing to those on SC iPB‐1 and MD HDPE. As expected, on the 
“eyelet” networks on MD iPB‐1, the HPF layers with occupied binding sites to 
platelets prevented the adhesion and activation of platelet cells. However, there 
were small platelet aggregates formed after half an hour. On SC iPB‐1 surface, the 
immobilized HPF molecules resulted in a higher amount of platelet adhesion and 
activation, which could be considered as a potential risk for the biomaterial 
implantation. Similarly, a high number of the fully spread cell were identified on 
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MD HDPE surface, indicating that the HPF conformation was favorable for platelet 
adhesion. These observations revealed that the conformations of the adsorbed HPF 
molecules were mediated by the specific design of surface nanostructure.  
The observed changes in HPF adsorption on NLCs, LCs, and SKCs unambiguously 
showed an overall picture that the nanostructures altered the conformation and 
thus the bioactivities of the adsorbed HPF molecules, which further affected the 
adhesion behavior and activation of platelets. Although the polymeric films display 
subtle variations in surface chemistry, their ability to form oriented protein layers 
demonstrated that surface nanotopography played a vital role in the surface 
assembly of HPF. Specifically, the surface topographical factors, such as structure 
width, curvature, and aspect ratio, all influenced the protein interaction preferences.  
The knowledge gained through this current study demonstrates that the ordered 
protein layer formation and platelet adhesion in vitro under physiological 
conditions point toward several clinical solutions. They include, i), possible 
mechanisms of clot formation and implant integration in vivo; ii), initial judgements 
of biocompatibility and hemocompatibility of the implants without complicated 
procedures; iii), more comprehensive models for thrombogenesis studies without 
the involvement of thrombin; and iv), new strategies for preventing thrombosis and 
implant failure in the absence of anticoagulant agents. 
Last but not least, although the overall picture indicates an anti‐thrombotic nature 
of MD iPB‐1 substrate, there is still much subsequent work to be done in evaluating 
the biofunctionality of these immobilized HPF molecules. Therefore, aiming at 
determining the behaviors of nanostructure‐mediated protein and platelet 
adhesion in blood contact biomaterials, further bioactivity confirmation of HPF 
molecules and in vivo studies of the films are of vital importance. 
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